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This study applies the 3-D chondrocyte pellet culture for the biosynthesis of 
artificial growth plate. Such culture system has been utilized to study the effects of 
t 
various growth factors on chondrocyte terminal differentiation and calcification. 
Modification of that system results in developing growth plate architecture, which 
have exclusively been observed in growth cartilage in vivo. In the present study, an 
artificial growth plate has been synthesized using this system through optimization of 
culturing conditions in a rabbit model. The morphologic, mitotic, matrix synthesis and 
terminal differentiation features of this optimized 3-D pellet culture are characterized, 
and compared with the conventional monolayer culture. Using an established partial 
growth plate defect model, its in vivo development is assessed after implantation. 
5 X 10^  resting chondrocytes from the reserve zone of costal cartilage of 6-
week-old New Zealand white rabbit in Dulbecco's Modified Eagle's Medium were 
seeded in a 15-ml conical polypropylene tube and centrifaged at 350 x g at room 
temperature for 5 minutes to facilitate cell aggregation. It was cultured for 21 days at 
37°C, 5% CO2, and 100% humidity. Different kinds of culture media and fetal bovine 
serum concentrations were tested for optimization. Manipulation in 10% serum 
resulted in columnar architecture reminiscent of the cellular organization of normal 
growth plate. Therefore, pellet cultured in DMEM containing 10% serum 
—-T 
concentration was used for the biosynthesis of artificial growth plate. 
The chondrocytes of the 3-D pellet culture display features of normal growth 
plate much better than that of the monolayer culture; i.e. they synthesize and deposit 
ii 
cartilaginous matrix, locate inside the lacunae of extracellular matrix, arrange in 
columnar pattern, exhibit cell division and terminally differentiate into hypertrophic 
chondrocytes. Therefore, its potential as a growth plate substitute for implantation 
was explored. 
f 
Such artificial growth plate underwent three stages of development in vivo 
after implantation into the partial growth plate defect model. It firstly incorporated 
into the host tissues, then exhibited growth potential and finally resumed 
endochondral ossification. Radiosulfate autoradiography also showed that the 
artificial growth plate could maintain an active proteoglycan metabolism at week 7 
after implantation (the longest period of study) in the host microenvironment. 
i 
Moreover, no sign of rejection was observed. 
The resumption of physeal characteristics in vivo by the artificial growth plate 
depends on both its in vitro development and the host microenvironment. The 
responsible factor(s) in the microenvironment should be very localized since change 
in the orientation of the implanted artificial growth plate (upside-down) results in loss 
ofphyseal characteristics. 
When compared with other growth plate reconstruction models, artificial 
growth plate developed in this study not only prevents bony fusion, but also resumes 
endochondral ossification in vivo. It avoids the donor problems of physeal 
transplantation and incorporates better than other cartilage allografts. However, its 
ability ofcontributing longitudinal bone growth needs further examination. 
iii 
The present study shows that the artificial growth plate processes potential for 
physeal reconstruction. Further investigations are necessary before it would be 
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CHAPTER ONE - INTRODUCTION 
1.1 The Growth Plate 
/ 
1,1,1 Structure，Function and Biochemistry of the Normal Growth Plate 
The growth plate is divided into three different components: a cartilaginous 
component, itself divided into various histologic zones; a bony component, or 
metaphysis; and a fibrous component surrounding the periphery of the plate, 
consisting of the groove of Ranvier and the perichondral ring of LaCroix (Brighton et 
al., 1984). Each component has a unique structure, biochemistry, and function; 
together, these result in longitudinal and latitudinal growth and remodeling of the 
developing skeleton. The vascular supply of the growth plate results in unique 
biochemical properties and is integral to normal function (Figure 1.1). 
The cartilaginous component of the growth plate is composed of three 
histologically distinct zones: reserve (or resting), proliferative, and hypertrophic 
(Iannotti et al., 1994). The reserve zone is histologically characterized by a sparse 
distribution of single or paired round cells in an abundant matrix. Cellular 
proliferation of this zone is only sporadic. The matrix proteoglycans are in an 
aggregate form, which is inhibitory to matrix mineralization (Poole et al.’ 1989). 
Although vascular channels pass through the reserve zone, they do not supply it with 
oxygen, and as a result the oxygen tension is low. The high lipid and vacuole content 
within the cells suggests the function of the reserve zone to be storage (Brighton, 
1984). 
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Figure 1.1 Structure and blood supply of a typical growth plate, (from 
Iannotti, J.P., Goldstein, S., Kuhn, J., Lipiello, L. and Kaplan, F.S. 
(1994) Growth Plate and Bone Development. In: Simon, S.R. (ed) 
Orthopaedic Basic Science. Port City, American Academy of 
Orthopaedic Surgeons, pp. 185-217.) 
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The proliferative zone is characterized histologically by longitudinal columns 
of flattened cells. The uppermost cell in each column is the progenitor cell for 
longitudinal growth of the cell column. The distribution of collagen fibrils and matrix 
vesicles in the matrix of the proliferative zone is non-uniform. The proteoglycans are 
f 
in an aggregated form and, in this zone, they inhibit matrix mineralization. The 
oxygen tension is higher in the proliferative zone than in any other zone. This high 
oxygen tension appears to be secondary to the rich vascular supply of the proliferative 
zone (Trueta and Morgan, 1960). The presence of rich glycogen stores and a high 
oxygen tension supports aerobic metabolism in the proliferative zone chondrocyte. 
The functions of the proliferative zone — matrix production and cellular division — 
together contribute to longitudinal growth. 
The hypertrophic zone is characterized by cells that are five to ten times larger 
than that in the proliferative zone. This zone is avascular and, as a result, the oxygen 
tension is quite low. However, morphologic and biochemical studies suggest that 
hypertrophic chondrocytes are not effete cells that are dying in this nutrient-poor and 
oxygen-poor environment, rather, they remain biochemically active during cellular 
hypertrophy (Famum and Wilsman, 1987). They express high alkaline phosphatase 
activity and synthesize type X collagen. Alkaline phosphatase appears to play a role in 
the calcification of cartilage (Habuchi et al., 1985). This enzyme may act as a 
pyrophosphatase to destroy pyrophosphate, an inhibitor of calcium phosphate 
precipitation (Brighton, 1984). Type X collagen can only be found exclusively in the 
hypertrophic zone (Gibson et al., 1982; Schmid and Conrad, 1982a,b; Habuchi et al., 
1985). The proteoglycan of hypertrophic zone is disaggregated. The hypertrophic 
chondrocytes contain the largest amount of total cellular calcium and the greatest 
3 
labile pool of stored calcium in their mitochondria. Moreover, they also have the 
highest concentration of cytosolic ionized calcium. In addition, calcium phosphate 
crystals are found in and on the matrix vesicles. These evidences clearly indicate that 
the functions of the hypertrophic zone are to prepare the matrix for calcification and 
f 
then to calcify it (Brighton et al., 1984). 
The metaphysis functions in the removal of the mineralized cartilaginous 
matrix of the hypertrophic zone, the formation of bone, and the histologic remodeling 
of the cancellous trabeculae. The process of endochondral bone formation will be 
discussed in detail below. The metaphysis is characterized by anaerobic metabolism, 
vascular stasis, and low oxygen tension, which is the result of the arterio-venous loops 
at the cartilage-bone junction and low blood flow (Iannotti et al., 1994). 
Surrounding the periphery of the growth plate are a wedge-shaped groove of 
cells, the ossification groove of Ranvier, and a ring of fibrous tissue, the perichondral 
ring of LaCroix. The cells in the groove of Ranvier are active in cell division and 
contribute to an increase in the diameter, or latitudinal growth, of the growth plate. 
The perichondral ring functions as a strong mechanical support at the bone-cartilage 
junction of the growth plate (Iannotti et al., 1994). 
1.1.2 Extracellular Matrix of the Growth Plate Cartilage 
Normal cartilage has water contents ranging from 65% to 80% of its total wet 
weight. The remaining wet weight of the tissue is accounted for principally by two 
major classes of macromolecular materials, collagens and proteoglycans. Several 
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other classes of biochemical molecules including lipids, phospholipids, proteins, and 
glycoproteins make up the remaining portion of the extracellular matrix (Iannotti et 
aL, 1994). In hyaline cartilages, the swelling pressure of the highly negatively charged 
and densely packed proteoglycan aggregates is opposed by the tensile strength of the 
network of type II collagen fibrils in which the proteoglycans are entrapped. This 
gives these tissues their shock-absorbing property (van der Rest and Mayne, 1988). 
Like other hyaline cartilages, the uncalcified extracellular matrix ofthe growth 
plate is composed of a fibrillar network of type II collagen surrounding which is a 
continuum composed primarily of large chondroitin sulfate proteoglycans aggregated 
with hyaluronic acid (Poole et al., 1989). Type II collagen consists of three ai(II) 
chains and shows a characteristic banding pattem along the fiber axis of about 65-67 
nm (Bateman et al., 1996). The collagen fibrils are much thinner and the cross-linking 
of these fibrils is much less than that found in adult hyaline cartilage. In the growth 
plate, the cartilage will be present only for a few days before it is calcified, then 
resorbed and replaced by bone. Moreover, because of its anatomical location, the 
mechanical loading (the stresses and strains) upon this matrix is probably much less 
than those found in the articular cartilages. Also, the thinner the fibrils the more easily 
they can be degraded and resorbed (Poole et al., 1989). 
Type IX collagen is found throughout the growth plate matrix. Studies 
employing in situ hybridization and immunofluorescence histochemistry studies on 
embryonic chick tibiotarsi have revealed that there is an absence of detectable type IX 
collagen mRNA throughout the portion of the hypertrophic zone nearest the marrow 
cavity although the protein is present. These results suggest that previously 
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synthesized type IX is retained within the matrix of the hypertrophic zone 
(Linsenmayer et al., 1991). Type IX collagen is also a proteoglycan since it has 
attached to one of its three a[(IX) chains a single glycosaminoglycan chain that is 
probably ordinarily chondroitin sulfate (van der Rest and Mayne, 1987). It is linked 
f 
covalently to type II collagen by a hydroxypyridinium cross-link, thus showing the 
role and importance of this molecules in maintaining the structural integrity of 
cartilage (van der Rest and Mayne, 1988). 
Type X collagen were firstly reported to be synthesized by embryonic-chick 
chondrocytes (Schmid and Conrad, 1982; Gibson et al., 1982) and later in the rabbit 
growth plate cartilage organ cultures (Remington et aL, 1983). It is a homotrimer of 
three ai(X) chains composed of 59000-Mr non-disulfide-bonded polypeptides, 
containing a 14000-Mr non-collagenous domain and a 45000-Mr triple-helical pepsin-
resistant collagenous region (Schmid and Linsenmayer, 1983). A globular domain is 
attached at the carboxy-terminus (Schmid and Linsenmayer, 1987). It is made by 
hypertrophic growth plate chondrocytes (Gibson et al., 1982; Schmid and Conrad, 
1982a,b) as their dominant biosynthetic product (Schmid and Conrad, 1982b). Data 
on embryonic chick tibiotarsi shows that the distribution of type X collagen in the 
matrix of the hypertrophic zone corresponds to that of its mRNA. Combining with the 
data of type IX collagen, it has been suggested that the newly synthesized type X 
collagen within the hypertrophic zone can become associated with type II/IX collagen 
fibrils synthesized and deposited earlier in development (Linsenmayer et aL, 1991). 
The appearance of hypertrophic chondrocytes in the precalcification zone of 
embryonic chick stemum and the abrupt increase in type X collagen synthesis indicate 
that this protein is restricted to a very specific stage of chondrocyte development and 
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skeletal morphogenesis that immediately precedes and accompanies the calcification 
of the cartilaginous template (Gibson and Flint, 1985). It has been proposed that type 
X collagen is involved in the mineralization process (Habuchi et al., 1985; Poole et 
al., 1989). A recent report suggested that type X collagen may play a role in the 
normal distribution of matrix vesicles and proteoglycans within the growth plate 
matrix, thus impact on both the supporting properties of the growth plate and the 
mineralization process (Kwan et al., 1997). 
Type XI collagen, a ai(XI) a2(XI) a3(XI) heterotrimer, is found in growth 
plate cartilage (Bateman et aL, 1996). Detailed analysis of the mRNA indicates that 
this molecule may potentially influence the interaction of collagen fibrils with other 
molecules of the extracellular matrix and more specifically with sulfated 
glycosaminoglycan chains or with hyaluronan. Such interactions may play a key role 
in establishing both the organization of the collagen fibrils within the extracellular 
matrix and in limiting the diameter of collagen fibrils (Zhidkova et aL, 1995). 
Proteoglycans are large hydrophilic and negatively charged macromolecules 
(mol. wt. 1-2 X 10^ daltons) consisting of linear protein cores to which are attached 
50-100 side chains of glycosaminoglycans, chondroitin sulfate and keratan sulfate 
(Iannotti et al., 1994). The chondroitin sulfates are the most prevalent 
glycosaminoglycans in cartilage and account for 55% to 90% of the total population. 
Each chain is composed of 25 to 30 repeating disaccharide units, giving an average 
chain weight of 15 to 20 kd. Two isomeric forms of chondroitin sulfate occur, 
chondroitin 4-sulfate and chondroitin 6-sulfate, but the latter predominates in adult 
7 
cartilage. Keratan sulfate chains are shorter than those of the chondroitin sulfates, 
with an average molecular weight of 5 to 10 kd. 
Eighty to 90% of all proteoglycans in cartilage are of the large, aggregating 
/ 
type, called aggrecan. They consist of a large, extended protein core to which are 
attached up to 100 chondroitin sulfate and 50 keratan sulfate glycosaminoglycan 
chains. The protein core of aggrecan is large (molecular weight 2.25 kd) and complex, 
and has several distinct globular and extended domains. Hyaluronate, another 
glycosaminoglycan, serves as an anchoring point for the aggrecan molecules, and as 
many as 200 can bind to one chain of hyaluronate to form a large proteoglycan 
aggregate. Electron microscopy reveals that there is a progressive decrease in the 
length of proteoglycan aggregates and a decrease in the number of subunits of the 
aggregates in the matrix as one progresses from the reserve zone through the 
hypertrophic zone (Brighton, 1984). It has been suggested that growth plate cartilage 
matrix is organized in a manner that favors calcification (Poole et aL, 1989). 
The size and complex organization of the proteoglycans are known to promote 
proteoglycan-proteoglycan networking and proteoglycan-collagen interactions. This 
networking capacity enhances the ability of cartilage to maintain structural rigidity 
and adds to the stiffness and strength of the extracellular matrix. The lack of covalent 
bonds between the proteoglycan and collagen may be necessary to allow the collagen 
fibers to slide easily through the proteoglycan gel. In that way the collagen may resist 
the tensile stresses developed within the matrix during variable loading conditions 
(Iannotti etal., 1994). 
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LL3 Vascular Supply to the Growth Plate 
There are four main vascular supplies of the growth plate: the epiphyseal; 
nutrient; metaphyseal and periosteal vessels (Trueta and Morgan, 1960; Spira and 
f 
Farin, 1967; Singh et al., 1991; Iannotti et al., 1994). The epiphyseal artery enters the 
secondary ossification center. The terminal branches of this artery pass through the 
reserve zone cartilage of the upper growth plate, terminate at the uppermost cell ofthe 
proliferative zone, and supply oxygen and nutrients to the proliferative zone 
chondrocytes. These vessels do not penetrate into the proliferative or hypertrophic 
zones. Both nutrient and metaphyseal arteries supply the metaphysis of growth plate. 
Approximately three-fourths of the vessels reaching the central part of metaphysis 
consist of the branches of the nutrient artery. The outer fringe of the metaphysis is 
supplied by the metaphyseal artery. Its capillary loops end at the last cartilaginous 
transverse septum of the bone-cartilage interface of the growth plate. These vessels 
turn back on themselves to form a venous return. This is an area of venous stasis and 
low blood flow; the vessels do not penetrate the hypertrophic zone of the growth 
plate. This structure of this vascular supply results in an avascular lower proliferative 
and hypertrophic zone. Functionally, the epiphyseal circulation is responsible for 
linear growth while the metaphyseal circulation helps to ossify and remodel the 
cartilaginous columns. The periosteal vessels supply the peripheral part of the growth 
plate i.e. the perichondral ring ofLaCroix. 
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LL4 Endochondral Ossification 
Endochondral ossification is remarkably similar in diverse settings. The 
remodeling of calcified cartilage into bone can be found in embryonic stema, 
/ 
vertebrae, and limbs, adolescent long bone development, fracture healing by callus 
formation, and ectopic bone formation induced by bone morphogenetic proteins. The 
same process can also be found in pathologic conditions such as cartilaginous 
neoplasms, heterotopic ossification, and degenerating articular cartilage. This 
commonality suggests that mineralizing chondrocytes are committed to the same 
innate developmental pathway (Reynold et al., 1996). 
During endochondral ossification chondrocytes undergo a progression of 
maturational changes, with marked biochemical and physical changes in both the cells 
and surrounding matrix. The spatial and temporal regulation of chondrocyte 
maturation is most evident in the growth plate, in which the proliferating cells form 
linear arcades that are maintained through hypertrophy and calcification of the matrix 
(Figure 1.2). In the hypertrophic zone, the type X collagen-rich matrix becomes 
calcified and is subsequently resorbed by vascular and marrow elements that originate 
from the underlying marrow space. In this process, marrow-derived mesenchymal 
stem cells are brought to the resorbed site of the hypertrophic cartilage, where they 
differentiate along the osteogenic lineage to produce bone matrix. Spicules of new 
‘ bone are formed on the surface of resorbing hypertrophic cartilage in an oriented 
manner that is obligatorily driven by the presence of vasculature. Eventually, through 
a rapid process that involves the complex coupling of resorptive and synthetic events， 
as well as mechanical forces acting on the structure, these bone spicules are 
10 ‘ 
remodeled into the mature weight-bearing bone (Bruder et al., 1994). Each ofthe triad 
of increased proliferation, increased extracellular matrix biosynthesis, and increased 
cellular size contributes to the overall growth in the length of long bone (Gerstenfeld 
and Shapiro, 1996). 
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Figure 1.2 Endochondral bone formation in the fetal rat. This photograph 
shows the region of the front of ossification. Areas of cartilage 
proliferation (P), hypertrophy (H), and calcification (C) are shown. 
The calcifled cartilage is partially destroyed and the remaining 
cartilage matrix (asterisks) serves as a substrate for bone formation by 
osteoblasts (arrows) in the region ofbone formation, (from Carrington, 
J.L. (1994) Bone Morphogenetic Proteins and the Induction of 
Embryonic and Adult Bone. In; Hall, B.K. (ed) Bone, Volume 8， 
Mechanisms of Bone Development and Growth. Boca Raton, CRC 
Press, Inc., pp. 85-108.) 
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1.2 Growth Plate Damage and the Contemporary Reconstruction Models 
The growth plate is involved in 6-15% of children's fractures (Kawabe et al., 
1987). Growth plate injuries occur when the mechanical demands placed on a bone 
4 
exceed the mechanical strength of the growth plate. Three types of stresses: tensile, 
shear and compressive may cause damage to the growth plate. Tensile stresses cause 
the greatest damage in the upper proliferative zone. Shear stresses induce failure 
between the upper proliferative zone and the lower hypertrophic zone. Such damage 
may be deleterious to the activity of the dividing cells of the growth plate and can 
affect future growth. Under compressive stress, damage is found primarily in the 
metaphyseal trabeculae (Iannotti et aL, 1994). In addition to mechanical factors, 
tumor, infection malnutrition and congenital malformation may also cause growth 
plate damage (Iannotti e^  al., 1994; Boyer et al., 1995). Partial damage represents one 
end of the spectrum. It results in bony bridge formation and partial growth arrest that 
may lead to angular deformity of the long bones in a growing child. Diffuse damage 
to or absence of the entire growth plate represents the other end of the spectrum that 
cause cessation of growth and thus shortening of limbs (Lalanandham et al., 1990; 
Lee et aL, 1993). … 
Growth plate damage is currently managed by a variety of reconstructive 
procedures. Partial physeal injury has been managed with resection of bony bridge 
“ and implantation of biologic or inert fillers (Lee et al., 1993; Wirth et al., 1994). 
However, no convincing reformation or repair of growth plate cartilage has ever been 
demonstrated (Wirth et aL, 1994). An immature epiphysis needs viable chondrocytes 
(Gultan et al., 1993), so mere interposition fillers do not fit the purpose. 
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Transplantation of epiphysis with growth potential is a challenging method to 
repair the whole growth plate. The results have been unpredictable. Some reported 
continued function, while others described unsatisfactory growth or complete failure 
(Bowen et aL, 1984; Lee et al., 1993; Takato et al., 1993). Advances in surgery have 
.• 
made it possible to preserve the viability of a transplanted epiphyseal plate by 
microvascular anastomoses of its critical blood supply (Takato et al., 1993; Boyer et 
aL, 1995). The results showed continued and normal longitudinal growth and much 
less angulation. However, complication of operation procedures, donor availability 
and risks of non-specific systemic immuno-suppression constitute problems opposing 
clinical application (Mohtai et al., 1992; Boyer et al., 1995). 
The implantation of cartilage and cultured chondrocytes have also been used 
in growth plate reconstruction (Kawabe et al., 1987; Lalanandham et al., 1990; Barr 
and Zaleske, 1992). Presumably, the loose matrix of these cells might permit cell 
survival, even without vascularization. Furthermore, because of the special nature of 
the cartilage matrix, these cells should be partially protected immunologically 
(Kawabe et al., 1987). Transplantation of these cells and cartilage permitted growth to 
resume, but it was unsatisfactory when compared with the normal growth plate. These 
studies collectively show that the problem of repair of a damaged growth plate has 
never been adequately solved. 
14 
1.3 The Pellet Culture 
In 1988, Kato and his group attempted to develop a chondrocyte culture that 
mimics the in vivo process of calcification by rabbit growth plate chondrocytes in a f 
plastic centrifuge tube. The chondrocytes in this system underwent sequential 
increases in DNA, uronic acid, and alkaline phosphatase content that might mirror the 
in vivo charges (proliferation, maturation, and terminal differentiation) of growth plate 
chondrocytes. Moreover, mineralization of extracellular matrix was induced in the 
absence of artificial substrate (Kato et al., 1988). Therefore, this culture system had 
been used to study the effects of various bioactive factors on chondrocyte hypertrophy 
and calcification, including TGF_P, parathyroid hormone, calcitonin, basic FGF, bone 
morphogenetic protein (BMP), interleukin-1 and cyclic adenosine 3', 5'-
monophosphate (Kato et al., 1988; 1990; 1993; Iwamoto et aL, 1993; Suzuki, 1992; 
Jikko et al., 1996). In 1994, Ballock and his group modified this chondrocyte culture 
to form a three-dimensional culture system. The chondrocytes organized into columns 
of flattened cells that closely resembled the appearance of normal growth plate. 
These studies collectively indicate that the chondrocyte pellet culture may process 
growth plate characteristics and can be utilized to produce an artificial growth plate 
for physeal reconstruction. 
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1.4 The Study Plan 
This study applies the 3-D chondrocyte pellet culture for the biosynthesis of 
artificial growth plate in a rabbit model. It is then characterized based on the growth 
/ 
plate characteristics. Finally, its in vivo development is assessed after implantation 
into an established partial growth plate defect model. 
Chondrocytes from the reserve zone of costal cartilage of 6-week-old New 
Zealand white rabbit are used for chondrocyte pellet culture. The culturing condition 
has to be optimized to produce a growth plate-like tissue. Therefore, pellets grown in 
different kinds of culture media and fetal bovine serum concentrations are examined 
morphologically to determine the optimal culturing condition. 
Subsequent to the establishment of the optimal culturing condition, the 
development of the 3-D chondrocyte pellet culture is studied and characterized based 
on the growth plate characteristics. The tissue morphology is examined by histology. 
In addition to large cell size, the hypertrophic chondrocytes are identified by their 
expression of alkaline phosphatase (ALP) activity using enzyme histochemistry. 
Safranin 0 staining is employed to demonstrate proteoglycanaceous matrix. The cell 
division potential is measured by total DNA determination and tritiated thymidine 
uptake assay. Terminal differentiation of chondrocyte into hypertrophic cells is an 
obligatory step in the endochondral ossification pathway that occurs during 
longitudinal bone growth. This terminal differentiation process is marked by a 
several-fold increase in cell volume, high levels of ALP expression, and synthesis of 
type X collagen (Ballock and Reddi, 1994). Since antibody specific to rabbit type X 
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collagen is not available, this marker is detected by SDS-PAGE collagen typing 
method. Other cartilage-specific collagens can also be identified by this method. 
Most in vitro studies on chondrocyte growth and differentiation have been 
r 
performed in monolayer culture (Kato and Gospodarowicz, 1985a; Bohme et al,, 
1992; Cancedda et aL, 1992; Rajpurohit et al., 1996; Carlevaro et al., 1997; Shapiro et 
al., 1997). However, it is well known that chondrocytes dedifferentiate and lose their 
phenotypes in monolayer culture (Benya and Shaffer, 1982; Glowacki et al., 1983). 
Moreover, it is likely that the three-dimensional pellet culture system more accurately 
approximates the high cell density and three-dimensional architecture of the intact 
epiphysis than the monolayer cultures and therefore may represent a more 
physiological model of epiphyseal chondrocyte growth and differentiation (Ballock et 
aL, 1993). Thus, in the present study, monolayer culture using identical cell source is 
also characterized and compared with the pellet culture to determine which kind of 
culture more accurately display the features of normal growth plate. 
The in vivo development of the artificial growth plate is assessed after 
implantation into an established partial growth plate defect model (Lee et aL, 1995). 
In addition to morphological examination, its ability to maintain proteoglycan 
metabolism is also monitored by radiosulfate autoradiography. Finally, the feasibility 
ofutilizing artificial growth plate for physeal reconstruction is addressed. 
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1.5 The Objectives of the Study 
The objectives of this study are listed as follows:-
1) To develop the 3-D chondrocyte pellet culture, 
f 
2) To optimize the culturing condition for biosynthesis of artificial growth plate, 
3) To characterize the optimized 3-D chondrocyte pellet culture and compare with 
the monolayer culture based on growth plate characteristics, 
4) To assess the in vivo development of the artificial growth plate after implantation 
into an established partial growth plate defect model and 
5) To evaluate the potential of such artificial growth plate for growth plate 
reconstruction. 
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CHAPTER TWO - METHODOLOGY 
2.1 Biosynthesis of Artificial Growth Plate using 3-D Chondrocyte Pellet 
Culture 
2.1.1 Isolation of Rabbit Costal Resting Chondrocytes 
Protocol concerning animal research ethics has been approved by Animal 
Ethics Committee of the Chinese University of Hong Kong (C.U.H.K.). The method 
is well established in our research laboratory (Lee et al., 1996). Chondrocytes were 
isolated from 6-week-old New Zealand white rabbit. After the animal was 
euthanasized by injecting 10 ml of 2.5% pentobarbital directly into its heart under 
ether anesthesia, the rib cage was aseptically dissected and cleaned until free from 
soft tissue. The resting zone of growth plate cartilage was taken out near the 
osteochondral junctions of all the ribs. The cartilage was then temporally stored in a 
modified Ham's F-12 medium (magnesium-free, 0.5mM CaCl2; Sigma). After 
weighing, the cartilage was cut into 0.1-mm pieces and subjected to digestion with 
0.1% trypsin (lOmgy'g tissue, type III; Sigma) for 30 mins in the modified Ham's F-12 
medium at 37^C in order to break down the core and link protein in the cartilage 
matrix. The tissue was subsequently washed twice with the modified Ham's F-12 
medium containing 2% fetal bovine serum (FBS; Gibco) and subjected to 0.1% 
hyaluronidase (lOmg/g tissue, type I-S; Sigma) digestion for 1 hr to cleave the 
proteoglycan aggregate. Overnight digestion in 0.1% collagenase {20mg!% tissue, type 
IIA; Sigma) in a shaking water bath at 31^C was further applied to break down the 
collagen fibrils. The cell suspension was then filtered through a glass wool filter and 
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washed twice with the modified F-12 medium to remove the digested matrix debris. 
Subsequent to counting with a hemocytometer，the chondrocytes were then ready for 
three-dimensional pellet culture and monolayer culture. 
f 
2.1.2 Chondrocyte Monolayer Culture 
5 X 10^ chondrocytes in Dulbecco's Modified Eagle's Medium (DMEM; 
Sigma) containing 10% FBS (Gibco), 5^igAnl ascorbate (Sigma) and 0.8% (vol./vol.) 
penicillin-streptomycin was transferred in 35-mm culture dish (Coming). The culture 
was maintained at 37°C, 5% CO2, and 100% humidity. Medium was changed every 
two days. 
2.L3 Three-dimensional Chondrocyte Pellet Culture 
One milliliter of cell suspension containing 5 x 10^  released chondrocytes in 
DMEM (Sigma) with 10% FBS (Gibco), 5^g/ml ascorbate (Sigma), 0.8% (vol./vol.) 
penicillin-streptomycin (Gibco) was transferred to 15-ml conical polypropylene tube 
(Falcon) and centrifuged at 350 x g at room temperature for 5 mins. The cell pellets 
were then cultured at 3TC, 5% CO2, and 100% humidity. Medium was changed every 
two days. 
2.1.4 Optimization of 3-D Chondrocyte Pellet Culture System 
For optimizing the three-dimensional pellet culturing system to produce a 
growth plate-like tissue, three different culture media: DMEM (Sigma); Ham's F-12 
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(Sigma) and DME/F-12 (in a one to one volume ratio, 1:1; Gibco) as well as four fetal 
bovine serum concentrations: 0.01%; 0.1%; 1% and 10% were tested. 
The pellets were harvested after 21 days for histological examination. Pellets 
were fixed in 10% neutral buffered formalin for 1-2 hrs before processed and 
embedded by paraffin. 5-^im sections perpendicular to the short axis of pellets were 
cut and stained with haematoxylin and eosin (H&E) for light microscopy. The 
sections were also stained with Safranin 0 for detection of proteoglycan of cartilage 
matrix. 
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2.2 Characterization of the 3-D Chondrocyte Pellet Culture and Monolayer 
Culture 
The optimized 3-D chondrocyte pellet culture was characterized and compared 
4 
with the monolayer culture based on the growth plate characteristics. Both cultures 
were harvested at 2-，7 - , 14- and 21-day of development to carry out the 
histomorphological examination and biochemical characterization listed below. 
2.2.1 Histomorphology 
The development of the pellet culture was monitored by histological 
examination. At different time points, the pellets were fixed and processed as 
described above. 5-^im sections perpendicular to the short axis of pellets were cut and 
stained with H & E or Safranin 0 for light microscopy. The cell sizes were measured 
using the Leica Q500 MC Image Analysis System. For monolayer culture, the 
morphology was examined by inverted microscope at the same intervals. 
2.2.2 Alkaline Phosphatase Histochemistry 
Alkaline phosphatase (ALP) histochemistry was performed by the nitro blue 
tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) color 
development system (Promega). For pellet culture, frozen section was prepared. The 
pellets were fixed in formal calcium at 4°C for 16hrs. 8-^im sections were obtained 
with cryostat at -12°C. The section was brought to distilled water and then 
equilibrated in ALP buffer (lOOmM Tris-HCl, pH9.5; 100mM NaCl; 5mM MgCl) for 
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5 mins. Incubating medium (26.4^il NBT & 13.2^ BCEP in 1ml ALP buffer) was then 
added and incubated at room temperature. Aiter color development, the section was 
counter-stained in 2% methyl green and was mounted in glycerol. 
Monolayer culture was fixed in 70% ethanol and stored at room temperature 
until assay. The procedure was the same as the pellet culture except that the 
incubating medium was directly added to the culture well for color development. The 
osteosarcoma cell line SaOS-2, which was known to express ALP activity on its cell 
surface, as well as the frozen sections of freshly prepared costal growth plate，were 
used as positive controls in this enzyme histochemistry experiment. 
2.2.3 Collagen Typing 
2.2.3.1 Labeling and extraction of newly synthesized collagen 
Collagen was labeled and extracted according to previously published method 
(Ballock and Reddi, 1994). Cultures were labeled with 50 i^CiAnl of L - [ 2 , 3 - ^ 
proline (47.0 CiAnmol, Amersham) in DMEM containing 10% FBS, 50 \x§Jm\ 
ascorbate and 0.8% (vol./vol.) penicillin-streptomycin for 24 hrs. The labeling 
medium of monolayer culture was supplemented with 100 ng/ml of beta-
aminopropionitrile (BAPN) to inhibit collagen crosslinking. The labeled cultures were 
homogenized in 0.5N acetic acid using a 2 ml-glass homogenizer (Wheater) and 
digested with 1 mg/ml pepsin in 0.5N acetic acid for 24 hrs at 4�C. The pepsin was 
then inactivated by the addition of Tris to 50mM and titrated to pH 7.4 with 
concentrated NaOH using pH paper as an indicator. After centrifugation at 1000 x g 
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for 5 mins，the supernatant of the pepsin digest was removed and kept at -20�C. The 
pepsin-resistant material was extracted for additional 24 hrs in 0.15M NaCl 
containing 20mM DL-dithiothreitol (DTT) and 50mM Tris-HCl at pH 7.4 in the 
presence of protease inhibitors (5mM EDTA, lmM PMSF, and 5mM NEM). Pepsin 
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digests and DTT extracts were combined and kept at -20�C until analysis. 
To examine collagen synthesis in explant cultures of intact growth cartilage, 
the hypertrophic zones of osteochondral junctions of ribs of 6-wk-old New Zealand 
rabbits were removed and cultured in DMEM containing 10% FBS，50 [Xg/ml 
ascorbate and 0.8% (vol./vol.) penicillin-streptomycin under the same incubating 
conditions as the pellet and monolayer cultures. The tissue was allowed to settle for 
one day. Collagen labeling and extraction were then carried out exactly as described 
above. 
2.2.3.2 SDS-PA GE and autoradiography 
Aliquots of labeled collagen (50000 cpm) were analyzed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 7.5% gel under reducing 
condition. The radioactivity of each sample was determined by first adding lOOp,l 
sample into 4 ml of Ecoscint, a scintillation counting fluid, and then measuring by a 
liquid scintillation counter (Beckman LS3801). Before analysis, the extracted proteins 
had to be concentrated. 3-time volume of acetone was added to the sample and was 
allowed for precipitation at -80°C for 1.5 hr. The precipitate was then centrifuged at 
13,000 X g for 10 mins and the supernatant was discarded. The sample was air-dried 
until no trace of acetone was left. The pellet was then dissolved in lOjji milliQ water. 
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Some samples were digested purified bacterial collagenase (2mg/ml; Sigma) 
ovemight at 37 °C prior to gel electrophoresis as negative control. Ten microlitre of 
sample buffer was added to the sample solution, followed by boiling for 5-10 mins to 
denature the protein. After a brief centrifligation, l5[xl sample was loaded into the gel. 
It was run initially at 80V. After the samples had entered the resolving gel, the voltage 
was adjusted to 150V. After electrophoresis, the gel was processed for fluorography 
with AMPLIFY (Amersham) for 30 mins to amplify the signal. It was then dried onto 
a filter paper under vacuum at 80°C for 1 hr and exposed to radiographic film 
OHyperfilm; Amersham) at -70�C for 1 week. 
2,2.4 Growth Rate 
2.2.4.1 Total DNA content determination 
DNA quantification was performed by Hoechst 33258 dye (Sigma) for growth 
curve construction of pellet and monolayer cultures (Cesarone et al., 1979; Labarca 
and Paigen, 1980). H33258-DNA binding produced enhancement of fluorescence and 
the enhancement was linear with increasing amounts of DNA in solutions or crude 
homogenates over a broad range. The pellet or monolayer culture was homogenized 
using a 2 ml-glass homogenizer (Wheater) in phosphate-saline bufFer containing 2 x 
10_3 M EDTA to inhibit DNAase activity. The pellet or monolayer culture 
homogenate was then mixed with H33258 with a final concentration of 1 M-g/ml. 
Fluorescence data was measured with excitation and emission wavelengths of356nm 
and 458nm respectively using a fluorescence spectrophotometer ^ffitachi 650-40). 
The slit widths of both excitation and emission were 4-mm. Fluorescence of plain 
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buffer with H33258 was measured for background. Standard curve for DNA 
determination was constructed using known amounts of calf thymus DNA (Sigma). 
2.2.4.2 Thymidine incorporation assay 
r 
Thymidine is one of the four nucleotides for DNA synthesis. Therefore, 
radioactive thymidine incorporation can be used as the indicator for DNA 
synthesizing activity (Puzas and Felter, 1988). Cultured chondrocytes of both pellet 
and monolayer cultures were labeled with 1 ^iCi/ml [5'-^]-thymidine (14.7 Ci/mmol; 
« 
Amersham) in DMEM containing 5 i^M unlabeled thymidine, 10% FBS, 50 jJ<gAnl 
ascorbate and 0.8% (vol./vol.) penicillin-streptomycin for 4 hrs at 3TC. The medium 
was aspirated and the culture was washed twice with 1 ml 0.15N NaCl. The attached 
cells of monolayer culture were scraped out with a cell scraper. The culture was then 
homogenized using a 2 ml-glass homogenizer (Wheater) with 0.6 ml 0.25N NaOH. 
The cell lysate was transferred to a plastic tube and neutralized by adding 0.6ml 
0.25N HCl. 1.2 ml of 0.25mM Hepes-Mg-Ca with 2.5 mg/ml bovine serum albumin 
(BSA), which acted as protein carrier, was also added to the tube. DNA was 
precipitated with 0.6 ml 10N perchloric acid at -20�C for 10 mins and then 4°C for 20 
mins. Precipitate was spun at 15,000 rpm at 4°C O^ontron Hermle H-401) for 30 
mins. After aspirating the supernatant, 0.5 ml of 0.25N NaOH was added to re-
suspend the pellet. The solution was then transferred to counting vials and 4 ml of 
Ecoscint, a scintillation fluid, was added. The radioactivity was measured by a liquid 
scintillation spectrometer (Beckman LS3801). Standards of the radiolabeled medium 
were prepared for direct calculation of the incorporation of thymidine into DNA. 
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2.3 Implantation of Artificial Growth Plate and Assessment 
2.3.1 Implantation of Artificial Growth Plate into Partial Growth Plate Defect 
Model 
2.3.1.1Animals 
Sixteen New Zealand white rabbits were used with the approval from the 
Animal Ethics Committee of the C.U.H.K. They ranged from 13 to 15 weeks of age. 
2.3.1.2 Surgical procedure 
The optimized and characterized pellet culture was served as an artificial 
growth plate and implanted into an animal to assess its further development in vivo. A 
partial growth plate defect model using 15-week-old New Zealand white rabbit had 
been established for artificial growth plate implantation (Lee et al, 1995). Briefly, an 
incision was made on the medial side of the tibia plateau near the kneel joint. The 
physeal growth plate was located and a series of holes were drilled along the growth 
plate with a 1.6 mm diameter drill bit. A 1.6-mm burr tip was used to create a 
1.6mm(W) X 5mm(L) x 5mm(D) defect. A silicon rubber template with identical 
dimensions of the growth plate defect was prepared so that it could be inserted into 
the defect like a tight-fit drawer. A 3-mm diameter hole was made at the center of 
such template by a plunge. The hole was then filled with the artificial growth plate 
implants or left empty as in the control. Before implantation，the pellet culture was 
taken out from the culture ware and a 3-mm diameter pellet was made by the same 3-
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mm plunge. Then the pellet was put into the template. The effects of up and down 
orientations of the implant were also tested. In the beginning stage of culturing the 
pellet in the centrifuge tube, only the upper boundary of the pellet was exposed to the 
culture medium. To study the effect of orientation, the pellet was implanted so that its 
t 
upper boundary was either facing the epiphyseal or metaphyseal side of the tibia. The 
rubber template was then gently inserted into the hole. Wound closure was achieved 
by suture. Figure 2.1 shows the schematic illustration of the setup. 
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Figure 2.1 Schematic illustration for the implantation of artificial growth 
plate into the partial growth plate defect model. The proximal tibia 
of 15-week-old New Zealand white rabbit is used to establish the 
model 
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2.3.1.3 Experimental groups 
The rabbits were divided into two groups. In group A (8 animals), the silicon 
rubber template was left empty as control in one tibia. In another tibia, a pellet was 
put into the template so that its upper boundary was facing the epiphyseal side 
(towards the articular cartilage). In group B (8 animals), both templates in the tibiae 
were filled by pellets, with its upper boundary facing either the epiphyseal or 
metaphyseal side of the tibia. The rabbits were euthanasized at 1-, 3-, 5- and 7-week .. 
after operation. 
2,3,2 Histology 
The rabbits were euthanasized by an overdose injection of pentobarbital. The 
proximal tibiae were removed and fixed in 4% paraformaldehyde for 1-2 hrs. The 
specimens were then decalcified with formic-acid-formalin solution for 1 week. After 
that, the tissues were processed and embedded in paraffin； 5-p,m sections were cut and 
stained with H & E or Safranin 0 . The morphology of the implant was also compared 
with the corresponding pellet in culture conditions in vitro, which was harvested when 
the animal was euthanasized. 
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2,3,3 Metabolism of Artificial Growth Plate In Vivo 
2.3.3.1 Radiosulfate labeling 
A total of 8 rabbits were injected with 0.5 mCi/kg of Na2^^SO^ (specific 
activity 250-1000 mCi/mmol, New England Nuclear) at 1, 3，5 and 7-week after 
operation. The animals were killed 24 hrs later, and their proximal tibiae were 
removed. Specimens were fixed, processed, embedded and sectioned as described 
above. 
2. S.3.2 Liquid emulsion and autoradiography 
Liquid emulsion was prepared according to Kopriwa method (1962). In brief， 
5-j_rni unstained sections were allowed to dry after deparaffinization and downgrade 
alcohol treatment. Inside a dark room, the section-bearing slides were dipped into the 
NTB-2 emulsion (Eastman Kodak) pre-warmed at 40�C for 1-2 seconds. After 
cleaning the excess emulsion fluid，the slides were put into an incubator at 28°C and 
about 80% relative humidity, where they were kept standing on sheets of moistened 
tissue paper until (about 30 mins). The coated slides were then stored horizontally 
with the emulsion side down in a light-proof plastic slide box containing drying agent. 
Exposure was taken place in the dark at 4°C for 3 weeks. Emulsion was developed by 
Kodak D-19 developer for 4 mins and fixed by Kodak fixer for 5 mins. The slides 
were then washed in distilled water for 15 mins and stained with Safranin 0 before 
mounting. 
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CHAPTER THREE - RESULTS 
3.1 Biosynthesis of Artificial Growth Plate using 3-D Chondrocyte Pellet 
Culture 
f 
3, L1 Morphology of the Isolated Rabbit Chondrocyte 
After sequential enzymatic digestions, the resting chondrocytes of costal 
hyaline cartilage from 6-week-old New Zealand white rabbit were released from their 
extracellular matrix. The spherical chondrocytes were relatively homogenous in size 
QFigure 3.1). The cells were then ready for three-dimensional pellet culture or 
monolayer culture. 
3.1.2 Three-dimensional Chondrocyte Pellet Culture 
Dissociated rabbit chondrocytes were suspended in DMEM supplemented 
with fetal bovine serum in a polypropylene conical tube. After centrifugation to 
facilitate cell aggregation, the chondrocyte pellet was cultured at 37°C under 5% CO2 
in air. The original pellet at the beginning of the culture period was barely visible on 
gross inspection. After 7 days in culture a sizeable cartilage nodule developed as 
shown in Figure 3.2a. Figure 3.2b shows the histological diagram of pellet culture. 
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Figure 3.1 Phase contrast microscopy of chondrocytes released from rabbit 
resting costal hyaline cartilage after sequential enzymatic 
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Figure 3.2 3-D chondrocyte pellet culture, (a) Gross appearance of 
chondrocyte cell pellet inside the culture tube (arrow). Rabbit 
chondrocytes (5 x 10^) were seeded in 15-ml plastic centrifuge tube, 
centrifuged at 350 x g for 5 min and maintained for 7 days in DMEM 
supplemented with 10% FBS, ascorbate and antibiotics, (b) Low 
power histological diagram of chondrocyte cell pellet after 7 days 
of culture in the same conditions. Pellet curved upwards during the 
culturing period. (B: bottom part, S: surface exposed to culture 
medium; Safranin 0 & fast green; x 50) 
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3, L 3 Optimization of 3-D Chondrocyte Pellet Culture System 
After culturing for 21 days, the 3-D pellet culture grown under different 
culturing conditions were harvested for histological examination. The results were 
summarized in Table 3.1. The morphologies of pellets were similar when culturing in 
the same fetal bovine serum concentration. There was not much variation with 
‘ . . . , - < • -
different culture media used. 
When culturing in low FBS concentrations (0.01, 0.1 and 1%), most resting 
chondrocyte differentiated into hypertrophic chondrocytes during the 21 days of 
culture (Figure 3.3a). A few layers of chondrocytes remained undifferentiated on the 
bottom ofthe pellet. In addition, small cells appeared on the upper surface ofpellet in 
0.01 and 0.1% FBS (Figure 3.3b and c). 
For the pellets cultured in 10% FBS, cell enlargement occurred (Figure 3.3d). 
Short columns of flattened proliferative chondrocytes were observed on top of the 
enlarged chondrocytes. Hypertrophic chondrocytes were also located on the upper 
surface of the pellet, following the proliferative chondrocytes. Hypertrophic 
chondrocytes were identified because their mean cell volume was 6.6 times larger 
than that of the resting chondrocytes and such ratio was similar to that of the normal 
growth plate. Since proliferative activity is critical for the function of growth plate, 
columnar architecture observed in cultured pellet indicated functional feature of 
growth plate. Moreover, this cellular organization was similar to the normal growth 
plate. Therefore, pellet cultured in DMEM containing 10% FBS was chosen for the 
biosynthesis of artificial growth plate. 
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t 
Fetal Bovine Serum Concentrations 
Culture  
media 
10% 1% 0.1% 0.01% 
Large cells in 
lower portion Hypertrophic Hypertrophic 
and hypertrophic Hypertrophic cells cells 
cells on upper cells 
DMEM surface Small cells on Small cells on 
upper surface upper surface 
Proliferative 
cells in between 
Large cells in 
lower portion Hypertrophic Hypertrophic 
and hypertrophic Hypertrophic cells cells 
DME/F-12 cells on upper cells 
(1 ： 1) surface Small cells on Small cells on 
upper surface upper surface 
Proliferative 
cells in between 
Large cells in 
lower portion Hypertrophic Hypertrophic 
and hypertrophic Hypertrophic cells cells 
Ham's F-12 cells on upper cells 
surface Small cells on Small cells on 
upper surface upper surface 
Proliferative 
cells in between  
Table 3.1 Summary of histological appearance of 3-D chondrocyte pellet 
cultures grown in different culturing conditions. The morphologies 
of pellets were similar when culturing in the same serum 
concentration. 
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Figure 3.3 Longitudinal sections of chondrocytes maintained in pellet cultures 
for 21 days in different culturing conditions, (a) DME/F-12 (1:1) medium containing 1% FBS. Resting chondrocytes differentiated into hypertroph c chondrocytes (HC); (b) DME/F-12 (1:1) mediumcontaining 0.01% FBS and (c) Ham's F-12 medium containing0.1% FBS. Bes des cell hypertrophy, small cells (SC) appeared on heupper boundary of p et; ( ) DMEM containing 10% FBS. Shortlum s (SP) of lattened p oliferative chondrocytes located on portion f p llet, n top of them were hyper rophich ndrocy es. (H&E; x 200) 
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3.2 Characterisation of the 3-D Chondrocyte Pellet Culture and Monolayer 
Culture 
3,2,1 Histomorphology 
Figure 3.4 shows the histological diagrams of the 3-D pellets cultured for 2 -， 7 -， 
14- and 21-days. In day 2, small spherical chondrocytes (mean cell volume 二 905 士 
83M.m )^ were closely packed at the bottom of the pellet. There was no proteoglycan 
deposition, indicated by green colour after Safranin 0 and fast green staining. On the 
other hand, the spherical chondrocytes on the upper portion of the 3-D pellet culture 
(exposed to culture medium) were surrounded by proteoglycan matrix, which was 
Safranin 0-stained (Figure 3.4a). 
On day 7，those closely packed chondrocytes at the bottom also began to 
synthesise and deposit proteoglycanaceous matrix (pale red). The small spherical 
chondrocytes on the upper portion became larger (mean cell volume = 2421 土 156p<m3) 
and were active in proteoglycan synthesis, as their surrounding extracellular matrix was 
stained deep red by Safranin 0 (Figure 3.4b). On the uppermost surface, a few layers of 
medium-size chondrocytes (mean cell volume == 1246 士 89陣3) appeared and were 
surrounded by red-stained extracellular matrix. 
On day 14，flattened proliferative chondrocytes (mean cell volume = 1039 士 
394^im^) that arranged in columns (with four to five cells) replaced the medium-size 
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cells, forming an active cell proliferation zone resembling the normal growth plate 
QFigure 3.4c). Hypertrophic chondrocytes (mean cell volume = 5973 ± 220^m^) were 
firstly identified on top of some proliferative chondrocytes on the upper surface of the 
pellet. The whole tissue was intensively stained in red colour by Safranin 0 . 
There were not much proliferative chondrocytes remained on day 21 (Figure 
3.4d). Enlargement of proliferative chondrocytes occurred and their sizes became larger. 
Instead, a zone of hypertrophic chondrocytes appeared which were located on the upper 
portion of the pellet. It was also stained red by Safranin 0. 
The 3-D pellet culture was thin (thickness 二 0.36mm; diameter = 3mm) and only 
barely visible on day 2. On day 7，the pellet became thicker (0.42mm) and larger in 
diameter (3.4mm). It usually detached from the bottom of the centrifuge tube. The 3-D 
pellet culture was then curved upwards and the shape was opposite to the original one. 
On day 14，the 3-D pellet culture became noticeably thicker (0.53mm) and larger in 
diameter (4mm). On day 21，the pellet continued to increase in thickness (0.70mm) and 
diameter (4.5mm). 
The morphologies of monolayer culture at various periods of culture were shown 
in Figure 3.5. The chondrocytes settled on the bottom of the culture dish on day 2. Most 
chondrocytes remained spherical in shape. Some cells were polygonal and began to 
spread on the plastic (Figure 3.5a). On day 4，the chondrocytes continued to spread and 
some cells displayed fibroblastoid morphology. QFigure 3.5b). On day 7，the number of 
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chondrocytes increased and colonies were observed in which some large chondrocytes 
were scattered in the midst of the well-spread fibroblast-like chondrocytes (Figure 3.5c). 
On day 9，the number of chondrocytes increased further and began to be confluence. 
‘ 
Spherical chondrocytes were protruding from the midst of these cells. (Figure 3.5d). On 
day 14, fibroblast-like chondrocytes covered the whole culture dish. (Figure 3.5e). The 
chondrocytes still proliferated afterwards. On day 21, most chondrocytes were closely 
packed and became spherical in shape，forming multilayered colonies. (Figure 3.5f). 
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Figure 3.4 Longitudinal sections of 3-D pellet culture of 2 -， 7 -， 1 4 - and 21-day 
development, (a) Day 2. Small spherical chondrocytes (SC) in the upper 
portion of pellet were closely packed and the extracellular matrix was Safranin 
0-stained. (B: bottom part, S: surface exposed to culture medium) (b) Day 7. The chondrocytes became larger and was rich in proteoglycan production. Alay r of medium-siz  cells (MC) pp ared on top of he larger cells (LC). (c)Day 14. Flattened cells arranged in colum ar pattem (CP) resem ling theproliferative chondro yte in no mal growth plate. Th y were f llowed byhypertr phic H ) on the u per surf c  of pell t, (d Day 21.zon hyp r rophic hondrocyt s (HZ) re laced he c lu n archite ure on the upper tion of p llet. ( afrani  0 an fast g e n; x 200) 
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Figure 3.5 Phase contrast micrographs of chondrocyte monolayer culture at various times of 
culture, (a) Day 2. Most chondrocytes remained spherical (S) and some were 
polygonal (P) and began to spread, (b) Day 4. Chondrocytes displaying fibroblastoid 
(F) morphology, (c) Day 7. Number of chondrocytes increased and colonies appeared 
in which large round cells fLR) were scattered in the midst of the fibroblast-like cells. 
(d) Day 9. Culture reached confluence, (e) Day 14. Culture dish covered by a layer of 
fibroblast-like chondrocytes, ff) Day 21. Chondrocytes were closely packed and 
became multilayered. (x 100) 
42 
J. 2.2 Alkaline Phosphatase Histochemistry 
The alkaline phosphatase (ALP) activity was detected in situ in 3-D pellet (Figure 
f 
3.6)'and monolayer (Figure 3.7) cultures by the NBT and BOT colour development 
system. In pellet culture, only few ALP stained as if not any, brown spots could be 
observed on day 7 (Figure 3.6a). On day 14，the upper surface of the pellet was stained 
intensively, indicating strong ALP activity (Figure 3.6b). The activities were located on 
the cell surface of the hypertrophic chondrocytes and also the extracellular matrix 
surrounding the cell lacunae. No other region was stained. On day 21, the ALP activities 
were extended to the whole zone of hypertrophic chondrocytes (Figure 3.6c). In frozen 
section of costal growth plate cartilage (positive control), only the hypertrophic 
chondrocytes and the surrounding matrix in the hypertrophic zone were intensively 
stained (Figure 3. 6d). 
For monolayer culture, some round chondrocytes in the colonies expressed ALP 
activities on day 7, shown by the dark purple staining. The specimens were counter-
stained by methyl green. However, no fibroblastic-like chondrocytes expressed ALP 
activity. (Figure 3.7a). More round chondrocytes in the colonies expressed ALP 
activities on day 14. (Figure 3.7b). Unlike the 3-D pellet culture, there was no specific 
localisation pattem of ALP activities but they scattered throughout the monolayer culture. 
On day 21，large patches of ALP-activity expressing cells were observed in the colonies 
of closely packed round chondrocytes. On day 7, the area around the cells was methyl 
green-stained. On day 14 and 21, nearly the whole cultures were stained. The cell surface 
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of osteosarcoma cells (SaOS-2) was stained in the positive control (Figure 3.7d). The 
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(c) Day 21 (d) Costal Growth Plate 
Figure 3.6 Alkaline phosphatase (ALP) histochemistry performed by the NBT 
and BCEP colour development system on 3-D pellet culture in various 
periods of culture, (a) Very little ALP activity was detected on day 7. (x 
200) (b) On day 14, strong ALP activity was shown on the upper surface 
of pellet where hypertrophic chondrocytes (HC) were located. Activities 
were located on the cell surface and also the extracellular matrix, (x 200) 
(c) On day 21, ALP activities extended downwards to the hypertrophic 
zone (HZ), (x 200) (d) In normal costal growth cartilage (positive 
control), ALP activities were demonstrated on the hypertrophic 
chondrocytes and the surrounding matrix of the hypertrophic zone (HZ). 
(X 50) (Sections were counter-stained by methyl green.) 
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Figure 3.7 Alkaline phosphatase (ALP) histochemistry performed by the NBT 
and BCEP colour development system on chondrocyte monolayer 
culture, (a) The dark purple stainings indicate the round chondrocytes (R) 
in the colonies expressed ALP activities on day 7, which were scattered 
throughout the culture. No fibroblastic-like chondrocyte (F) expressed 
ALP activity, (b) More round chondrocytes in the colonies expressed ALP 
activities on day 14. (c) Large patch of ALP activities (arrow) were 
observed in the colonies of closely packed round chondrocytes, (d) 
Positive control: The cell surface of osteosarcoma cells (SaOS-2) was 
stained. (Specimen were counter-stained by methyl green.) (x 100) 
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3.2.3 Collagen Typing 
Both 3-D pellet and monolayer cultures were labelled for 24 hr with [^H] proline 
f 
after 7，14 and 21 days ofculture. Ailer pepsin digestion and subsequent DTT extraction, 
the ^H-proteins released from the cell matrix of the cultures were examined by 
SDS/PAGE under reducing condition and fluorography as shown in Figure 3.8. The 
collagenous bands were identified by comparing their relative migration to those of 
standard collagen chains and from their susceptibility to digestion with purified bacterial 
collagenase. 
For the monolayer culture, the banding pattern of labelled proteins at different 
times ofculture were the same (lane 2, 4 and 6). The banding pattem showed a prominent 
expression ofal(II)p chains of type II collagen. (The p represents the pepsin-cleaved form 
of the chain of collagen.) Below that band, one prominent band was present which 
displayed electrophoretic mobilities similar to those of type IX collagen in previously 
published reports (Gibson et al., 1983; Jimenez et aL, 1986). In addition, two faint bands 
were above the al(II)p chains and they corresponded to the al(XI)p and a2(XI)p chains. 
The a3(XI)p presumably co-migrated with the al(H)p chains (Jimenez et al., 1986). 
For the 3-D pellet culture, the same prominent expression of al(II)p chains oftype 
II collagen were also observed at different times of culture (lane 1，3 and 5). Moreover, 
two to three bands were seen quite distinctly below the al(H)p chains，in addition to the 
prominent band of type JX collagen as seen in the monolayer culture. All of them 
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corresponded to the chains of type IX collagen (Gibson et al., 1983; Jimenez et al., 
1986). The bands for the type XI collagen chains were also present in the 3-D pellet 
culture, and their intensities were stronger than those in the monolayer culture. 
When cells were labelled after 21 days, a comparison between the samples from 
the 3-D pellet and monolayer cultures revealed a particular difference, since only the 3-D 
pellet culture sample (lane 5) displayed a distinctive band in the position for the pepsin-
digested type X-collagen chains (Schmid and Linsenmayer, 1983). This band, exclusively 
appeared in 3-D pellet culture, but not in samples from shorter times of culture. Sample 
from the explant cultures of intact growth cartilage also showed this faint band (lane 7). 
Besides, its pattem oflabelled proteins was similar to that of the cultures. 
The collagenous nature of these labelled molecules was demonstrated by their 
susceptibility to collagenase digestion (lane 8). 
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Figure 3.8 SDS/PAGE fluorograph of pepsin-digested DTT extracts from cell 
matrix of 3-D pellet and monolayer cultures at different times of 
culture, as well as the explant culture of intact growth cartilage. 
Cultures were labelled with 50 ^Ci/ ml of [-[2,3-¾] proline for 24 hrs. 
Samples of pepsin-digested DTT extracts were denatured and 
electrophoresed on 7.5% gel under reducing conditions. Each lane 
contained 50,000 cpm-aliquot of proteins. 
Lane 1: 3-D pellet culture harvested after 7-day of culture. 
Lane 2: Monolayer culture harvested after 7-day of culture. 
Lane 3: 3-D pellet culture harvested after 14-day of culture. 
Lane 4: Monolayer culture harvested after 14-day of culture. 
Lane 5: 3-D pellet culture harvested after 21-day of culture. 
Lane 6: Monolayer culture harvested after 21-day of culture. 
Lane 7: Intact growth cartilage from osteochondral junctions of 6-wk-old 
rabbit ribs maintained as an explant organ culture for 2-day. 
Lane 8: Same sample in lane 4, digested with purified bacterial 
collagenase (2 mgAnl) at 37°C overnight prior to electrophoresis. 
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3,2,4 Growth Rate 
3.2.4.1 Total DNA content determination 
, 
The growth curve for 3-D pellet and monolayer cultures were constructed by 
measuring the total DNA content. In general, total DNA content is proportional to the 
number oflive cell. The statistical analysis was done by One Way ANOVA and Post Hoc 
Test. 
Figure 3.9 shows the growth curves of3-D pellet and monolayer cultures. At the 
beginning, from day 2 to 7, the 3-D pellet culture was in a quiescent stage since there was 
no significant change in total DNA content. From day 7 onwards，the total DNA content 
began to rise and there was a significant increase on day 14 when compared to day 7. The 
average growth rate was 0.35 [ig DNA per day. Afterwards the total DNA content 
continued to increase but there was no significant difference between day 14 and day 21. 
A plateau might appear during this period. 
On the other hand, the total DNA content of monolayer culture increased 
consistently from the very beginning. The cells started to proliferate on day 2 and there 
was a significant increase in cell number from day 7 to day 14. The average growth rate 
was 1.30 M,g DNA per day. In contrast with the pellet culture, the total DNA content of 
monolayer culture continued to rise significantly from day 14 to day 21. No plateau could 
be observed under this 21-day culturing period. 
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The onset of cell proliferation was earlier in monolayer culture than in the 3-D 
pellet culture of which a 7-day lag time was observed. When comparing the average 
growth rates from day 7 to day 14，the result of monolayer culture was 3.7 times higher 
/ 
than that of the 3-D pellet culture. The final to initial DNA content ratio in 3-D pellet 
culture (1.97) was 4.0 times lower than that of the monolayer culture (7.89). In 3-D pellet 
culture a plateau was noticed during day 14 and day 21 while the total DNA content 
continued to increase significantly in the monolayer culture. 
3.2.4.2 Thymidine incorporation assay 
Since thymidine is one of the building blocks of DNA, the DNA synthesising 
activities of3-D pellet and monolayer cultures at different time points were monitored by 
tritiated thymidine incorporation assay as shown in Figure 3.10. In 3-D pellet culture, the 
thymidine incorporation rate was relatively low on day 7 and it increased significantly on 
day 14. Afterwards the rate dropped and was significantly lower on day 21. 
For monolayer culture, the thymidine incorporation rate raised from day 7 to day 
14 and then levelled to day 21. However, there was no statistically significant difference 
among these three rates. 
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Figure 3.9 Total DNA content of chondrocytes in 3-D pellet or monolayer 
cultures at various times of culture. After a 7-day lag phrase, total DNA 
content increased significantly Q? < 0.05) from day7 to 14 and then began 
to be plateau in the 3-D pellet culture. On the other hand, DNA increased 
significantly {p < 0.05) from day 7 to 14 and from day 14 to 21 in the 
monolayer culture. 
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Figure 3.10 Thymidine incorporation rates of chondrocytes in 3-D pellet or 
monolayer cultures at various times of culture. For 3-D pellet culture, 
uptake of [^H]-thymidine increased significantly from week 1 to week 2 
(*, p<0.05) and then decreased. The rates was significantly lower (*， 
p<0.05) in week 3. An increase in uptake of [^-thymidine was observed 
with longer time of culture in monolayer culture. Since the standard 
deviation was quite high, such increase was not statistically significant. 
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3.3 Implantation of Artificial Growth Plate and Assessment 
3,3A Histology 
f 
An artificial growth plate was synthesised by the 3-D chondrocyte pellet culture 
and characterised. The development of such artificial growth plate in vivo was studied in 
a partial growth plate defect model (Lee et aL, 1995). The artificial growth plate was put 
in a silicon template and then inserted into the growth plate defect site. 
In group A animals (refer to section 2.3.1.3)，the template was left empty in one 
tibia to serve as a control. Natural bone healing process occurred as shown in Figure 3.11. 
At week 1, marrow and connective tissues filled the empty space in the growth plate 
defect site (Figure 3.11a). Trabecular bone appeared at week 3 and remained at week 5 
(Figure 3.11b and c). At week 7，bone marrow tissue filled the gap that might be due to 
bone resorption or remodelling (Figure 3.11d). 
- - - • 
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Figure 3.11 Histology of natural healing process in growth plate defect site. (aJ One 
week after operation, marrow and connective tissues (MC) filled the growth 
plate defect in between the empty space (ES) occupied by silicon template. 
(b) At week 3 and (c) week 5, trabecular bone (TB) appeared, (d) At week 
7, bone marrow (BM) tissue filled the gap that might be due to resorption of 
the bony bridge. (H & E; x 16) 
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In the same group of animals, the template of the other tibia was filled by the 
artificial growth plate, with its upper surface facing the epiphyseal side. The histology of 
the implant at one week after operation was shown in Figure 3.12. Connective tissue such 
as fibroblasts with their secreted extracellular matrix formed a perichondrium-like 
structure surrounding the implant. Moreover, erythrocytes and leukocytes were found 
near the implant. Short columns of proliferative chondrocytes were noticed in the 
implant. Cell division in the implant was directional, towards the epiphyseal side of the 
host. Comparing with the in vitro culturing condition, the cell division was towards the 
upper surface of the pellet which was exposed to the culture medium (refer to section 
3.2.1). With contrast, the chondrocytes facing the metaphyseal side of the host remained 
smaller in size. It was similar to the in vitro condition where the chondrocytes on the 
bottom were also smaller. 
The transition between the whole surface of the implant and host tissue was so 
smooth that they were indistinguishable from each other. Moreover, cartilage matrix was 
observed around the nearby host mesenchymal stem cells, which might be secreted by 
them. 
At week 3, the artificial growth plate greatly increased. The size of proliferative 
zone was 4 times larger than that of the artificial growth plate at week 1. The 
chondrocytes organised in columnar pattem ^Figure 3.13) and this columnar architecture 
remarkably resembled the appearance of the normal growth plate (Figure 3.13b). 
Flattened proliferative chondrocytes towards the end of the columns enlarged and 
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differentiated into hypertrophic chondrocytes. With contrast to the natural growth plate, 
the development of the implant was towards the epiphyseal side. At the same time, the 
natural growth plate was active in the process of endochondral ossification. 
< 
Figure 3.14 shows the histology of the implant five weeks after operation. The 
cartilaginous matrix ofthe artificial growth plate was shown by Safranin 0 staining. The 
implant cartilage still exhibited proliferative and hypertrophic chondrocytes aligned in 
columns. The matrix at the end of hypertrophic zone was resorbed by vascular elements. 
Osteoblasts were present and new bone spicules were laid down on the cartilage matrix. 
Endochondral ossification was resumed in the artificial growth plate. The development 
was towards the epiphyseal side while the metaphyseal side did not show similar 
development. At week 7，the implant remained intact and produced cartilaginous matrix 
1 
as shown by Safranin 0 staining. Moreover, the bone-forming process continued as 
shown in Figure 3.15. There was no sign of rejection up to 7 weeks. 
57 
國 嬲 , # 驟 , K ' ’ . , • f' :、::{^,外.::',.'"’'：“；;':'..:--、. 
^ ^ ， / r : � . _ • • 
- ; . ' ^ ^ : i - - - > ' - " - ^ : . .^^'::-^^^-：： c.^.^••t：J；'^^ 
.Es f>r^^ r ^ . ’ ’ ：：’:v , , / ' : 9 (�T. i� r . t ' . ” : :� ) : : :� �‘ ^ a, ) -T^  I "• - “ , ., ( , ^  •. r -• r * -• • V 
�： • vCzW' ‘‘ c “ •- - •广".�•: :‘" • .: / �，. • A ^ -#'!ifl^f ‘‘ “ GP ,, , - ‘., . • • ‘ :•. ,"J . '^. � , • . , ‘ - '� : . • 
.Mi^ \^ …二，, 、一：// ： ：••<-, ‘： •: '%v ”: - ： ：: _ -
^mmj " t r 、 ^ - ： “ ’、…：、：，‘.:.…二…？'： ffP^'f1 . ^ ' 、 、 秦 ’ : : ’ : ‘ : : � � f � � ’ _ c ; • : ; : : , � ' / 
- ^ ^ ' � l k ? l � V ~ -'4^ ^rf^' -• • y - •• '',、- ,、:/、：.-，" 
. ' ^ t l r ^ ^ o t f f 4 : ^ f : : : A > : _ r : : 5 g K . : : : . -
; . . l l H ^ ^ � h � i i > ^ ^ ^ ^ � > d v � 广 ’ - V . - -义、：、 > v : f < 
(a) (b) 
"„.® ^f%it *v^f .,-v . 
�•，，.，c ^ i ^^ ^"^ ‘ � � 
；>»：• t \ j ^ t - i — c i , 
、 ‘ ， : - | r : l � : A : : . 1 ^ 
• r ^ l $ I ' l 参1% y A \ = i ¥ # ^ : ^ 1 •- , i . ‘v» ^ 5? ^m 圣；？ t ^ i* 番 ^  
# ; t e t .f'*il • : ‘ - ' 
f ；翼 i f r \% • f I 多 ^ - f i t � p '〜~ %^ f 
- F . ^ ^ j f 气 4 1 1 - ^ 1 ' - ¾ - - ?多 _净、 ^乡 ,， 1 ^ 
• •感 、 、 • - ^ 严 T^  _ 5 • . � • ‘ • � , ’ ^ ^ C S .次以 i • ‘ ^ - �^ - �^ ' i ^ 、像 \ 
� ‘ � � � .s ‘ i :, ？ -- 5 广：’^、 -:i '-^ i V 5 : ^、〜含 ％ l^^ y - r ； ,— »• - %：: " - c- - J i^ \ � 
- ” ‘、：C ‘ ： 、 � � ‘ . s - , ^ 
• � 人 • ， “广、：“ y^ 5 
* ‘“ n. * ‘• • • � � «5-
\ 'V" ‘ V , . �H :«» , � � ~:舞 
•.V • -i 雄 , ‘ .^J-' • 
^ ' * 一 <y • 乂 赢 急 • 
>* ) ‘，‘ ^ * , • *• 二 • 
- » ：‘ s ^ •‘ , '.^  - - , ^ % . 
* - - ‘穿 % *. ^  C^  ‘ • .. V >^ .；> ~ « � T -
:^.K；；'> .广、。…、？ 
fc； 
Figure 3.12 Histology of the in vivo development of artificial growth plate inside the 
growth plate defect site one week after implantation, (a) Overview diagram. 
The artificial growth plate implant was located in the growth plate defect site, 
flanked by empty space (ES) occupied by silicon template. Normal growth 
plate (GP) was located adjacent to the implant. (H & E; x 16) (b) High 
magnification diagram of the special area b. The artificial growth plate was 
surrounded by marrow and connective tissues (CT) and the chondrocytes in the 
implant were arranged in short columns (CP). Cell division was directional, 
towards the epiphyseal side of the host. Cartilage matrix was observed around 
the nearby host mesenchymal stem cells (MSC) (H & E; x 100) (c) Higher 
power photomicrograph of the normal growth plate (special area c) showing 
the resting (R), proliferative (P) and hypertrophic (H) zone. (H & E; x 100) 58 
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Figure3.13 Histology of the in vivo development of artificial growth plate inside the 
growth plate defect site three weeks after implantation, (a) The size of 
artificial growth plat increase greatly in thickness. Proliferative chondrocytes 
organised in long columnar pattem (CP). Flattened proliferative 
chondrocytes towards the end of the columns enlarged and differentiated into 
hypertrophic chondrocytes (HC). (H & E; x 100) In contrast with the normal 
growth plate (b), the development of the implant was towards the epiphyseal 
side. The normal growth plate at that time was active in the process of 
endochondral ossification (EO). (H & E; x 100) 
59 
V ^ * ' � ^ ^ ^J"""^ j 
' , f r - >r-<S^ ) ^ , -
‘�k‘^ J^ "^^ "^ S=^ ^  
i i M 
(a) (b) 酬 _ 
(C) (d) 
Figure 3.14 Histology of the in vivo development of artificial growth plate inside the 
growth plate defect site five weeks after implantation, (a) Low power 
photomicrograph of the artificial growth plate demonstrating the 
development of an endochondral ossification from where cartilage (CT) was 
replaced with endochondral bone (EB). The cartilaginous matrix of the 
artificial growth plate was shown by Safranin 0 staining. (Safranin 0 & fast 
green; x 50) (b) High power view of the endochondral ossification front 
demonstrating hypertrophic chondrocytes (HC), osteoblasts (OB) and 
vascular invasion fV^. (Safanin 0 & fast green; x 200) (c) Low power 
photomicrograph of the metaphyseal side of the implant. No endochondral 
ossification could be observed. (Safranin 0 & fast green; x 50) (d) Low 
power photomicrograph of the normal growth plate where endochondral 
ossification was taking place. (Safranin 0 & fast green; x 100) 
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Figure 3.15 Histology of the in vivo development artificial growth plate inside the 
growth plate defect site seven weeks after implantation, (a) Low power 
photomicrograph of the artificial growth plate demonstrating the 
development of an endochondral ossification front where cartilage (CT) 
was replaced with endochondral bone (EB). The cartilaginous matrix of 
the artificial growth plate was shown by Safranin 0 staining. (Safranin 0 
& fast green; x 50) (b) High power view of the endochondral ossification 
front demonstrating hypertrophic chondrocytes (HC), osteoblasts (OB), 
and vascular invasion 0 ^ (Safranin 0 & fast green; x 200) (c) Low 
power photomicrograph of the metaphyseal side of the implant. No 
endochondral ossification could be observed. (Safranin 0 & fast green; x 
50) (d) Low power photomicrograph of the normal growth plate where 
closure began. (Safranin 0 & fast green; x 50) 
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The above developmental sequences could not be observed when the artificial 
growth plate was implanted so that its upper surface was facing the metaphyseal side 
(Group B animals). The results are shown in Figure 3.16. At week one, columnar pattern 
could not be observed. Cell hypertrophy was noticed at week 3. However, there was no 
extensive columnar architecture and the size of implant remained relatively unchanged. 
A layer ofbone matrix was noticed at the implant-host interface on the metaphyseal side. 
At week 5, the size ofthe implants increased, which might be due to cell hypertrophy and 
deposition of cartilaginous extracellular matrix (shown by Safranin 0 staining). There 
was no proper cellular organization. Endochondral ossification-like development did not 
occur at both week 5 and 7. 
To compare the development of artificial growth plate between the in vivo and in 
vitro conditions，some pellets maintained in tissue culture were harvested at time 
corresponding to week 1, 3, 5 and 7 after implantation. Figure 3.17 shows the histological 
diagrams of the pellets. For the pellet corresponding to 1-wk post-operation, there were 
not much proliferative chondrocytes and a zone of hypertrophic chondrocytes was 
located on the upper portion. At 3-wk post-operation, hypertrophic chondrocytes were 
dominant in the pellet. At 5-wk post-operation, the pellet was surrounded by a 
perichondrium-like layer. Still covered by the layers, the chondrocytes within the pellet 
lost the proteoglycan-synthesizing activity at 7-wk post-operation, as demonstrated by 
Safranin 0 staining. 
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Figure 3.16 Histology of the in vivo development of artificial growth plate inside the 
growth plate defect site after implantation, having the upper boundary 
facing towards the metaphyseal side of host. (a) Low power 
photomicrograph of the artificial growth plate one week after the operation. 
No columnar pattem could be observed. (H & E; x 100) (b) At week 3, cell 
hypertrophy was noticed (HC). A layer of bone matrix (BM) was noticed 
at the implant-host interface on the metaphyseal side. (H & E; x 100) (c) 
and (d) At week 5 and 7，the artificial growth plate deposited cartilaginous 
extracellular matrix as shown by Safranin 0 staining. However, there was 
no proper cellular organisation within the implants. No endochondral 
ossification-like development could be observed. (Safranin 0 and fast 
green; x 50) 
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Figure 3.17 Morphologic appearance of artificial growth plate maintained by in 
vitro culture condition at corresponding time when the specimen was 
removed from the animal, (a) At time corresponding to week 1 after 
implantation, a zone of hypertrophic chondrocytes (HC) was located on the 
upper portion of the artificial growth plate, (b) At week 3, hypertrophic 
chondrocytes were dominant, (c) At week 5, the artificial growth plate was 
surrounded by a perichondrium-like layer (PL), (d) The chondrocytes of 
the artificial growth plate lost the proteoglycan-synthesizing activity at 
week 7. (Safranin 0 & fast green; x 100) 
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J. 3,2 Metabolism of Artificial Growth Plate In Vlvo 
The radiosulfate, which had been administered intra-peritoneally, could be 
f 
incorporated into the artificial growth plate up to week 7 after operation (Figure 3.18a). 
Higher magnification shows the autoradiographic activity was most intense over the 
cytoplasm and the pericellular matrix of the chondrocytes of proliferative zone. Less 
activity was noted in the hypertrophic zone, and the resting zone showed the least 
labeling (Figure 3.18b). When the artificial growth plate was implanted so that its upper 
surface was facing the metaphyseal side, no labeling could be observed (Figure 3.18c). In 
the natural growth plate, the autoradiographic activity was also most intense over the 
cytoplasm and the pericellular matrix of the proliferative zone chondrocytes. The resting 
and hypertrophic zones showed less labeling (Figure 3.18d). 
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Figure 3.18 Radiosulfate autoradiograph of artificial growth plate inside the growth 
plate defect site seven weeks after implantation. (A) Incorporation of 
radiosulfate in the artificial growth plate was observed. Box is enlarged in B. 
(Safranin 0 & fast green; x 100) (B) High power view of the artificial growth 
plate showing intense autoradiographic activities over the cytoplasm and the 
pericellular matrix of the chondrocytes of proliferative zone (PZ). Less activity 
was noted in the hypertrophic zone (HC), and the resting zone (RZ) showed 
the least labelling. (Safranin 0 & fast green; x 200) (C) No labelling could be 
observed when the artificial growth plate was implanted so that its upper 
surface was facing the metaphyseal side. (Safranin 0 & fast green; x 100) (D) 
High power view of the normal growth plate (positive control) showing intense proteoglycan synthesis in the proliferative zone. The resting and hypertrophic zones showed less labelling. (Safranin 0 & fast green; x 200)
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CHAPTER FOUR 一 DISCUSSION 
This study utilized the 3-D chondrocyte pellet culture for the biosynthesis of 
f 
artificial growth plate in a rabbit model. In this culturing system, chondrocytes are 
maintained as an aggregated pellet, thereby more closely approximating the three-
dimensional environment of developing cartilage in vivo. It has been reported that 
chondrocytes in this system undergo in vzvo-like changes of growth plate chondrocytes 
(Kato et al., 1988). Moreover, morphogenesis of columnar architecture reminiscent ofthe 
cellular organization of the normal growth plate was observed (Ballock and Reddi, 1994). 
In this study, the 3-D pellet culture was optimized to produce a growth plate-like tissue. It 
was then characterized based on the growth plate characteristics. Finally, its in vivo 
development was assessed after implantation into an established partial growth plate 
defect model to evaluate its potential in growth plate reconstruction. 
4.1 Optimal Condition for 3-D Chondrocyte Pellet Culture System 
In the first part of this study, a 3-D chondrocyte pellet culture system was 
optimized in a rabbit model. Different culture media and bovine serum concentrations 
were tested to find out the optimal condition for synthesis of a growth plate-like tissue. 
The features of the optimized 3-D chondrocyte pellet can be compared with some ofthe 
critical characteristics of the normal growth plate highlighted below. 
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4J.1 Some Critical Characteristics of the Growth Plate 
The normal cartilaginous growth plate has been well-characterized and can be 
f 
divided into various zones according to morphology and function, beginning with the 
reserve zone and followed by the proliferative and then the hypertrophic zones (Brighton, 
1984). The reserve zone is a germinal layer containing the so-called ‘mother，spherical 
cartilage ,cells. In the proliferative zone, the flattened chondrocytes are aligned in 
longitudinal columns. As the chondrocytes mature, they synthesize and deposit large 
t 
amounts of extracellular matrix including cartilage-specific proteoglycan and collagen 
types of II，IX and XI (van der Rest and Mayne, 1987). The functions of proliferative 
zone are cellular proliferation and matrix production, leading to longitudinal growth 
(Brighton, 1984). In the hypertrophic zone, terminal differentiation of chondrocytes into 
hypertrophic cells occur, which is characterized by a several-fold increase in cell volume, 
synthesis of type X collagen, and high levels of alkaline phosphatase activity (Ballock 
and Reddi, 1994). The main function of this terminal developmental process is to 
mineralize the surrounding cartilage matrix. It is obligatory in the endochondral 
ossification pathway, since this mineralized extracellular matrix of cartilage provides the 
scaffold for the deposition of new bone matrix by invading osteoblasts via the vascular 
and marrow elements (Ballock and Reddi，1994; Bmder et al., 1994). 
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4丄2 Selection of Animal Model 
Resting chondrocytes of costal hyaline cartilage from 6-week-old New Zealand 
wMte rabbits were used for artificial growth plate production in the present study. New 
Zealand white rabbits were used because they were relatively large and so implantation 
of artificial growth plate into the animal to study its in vivo development became feasible. 
Moreover, there was a regular supply of rabbits from the animal house of C.U.H.K. 
Furthermore, more than 2 x 10' homogenous resting chondrocytes could be released from 
a 6-week-old rabbit, which were sufficient to make forty chondrocyte pellets (5 x 10^ 
cells each). 
413 Optimization of Culturing Conditions - Screening Based on Morphological 
Studies 
For optimizing the three-dimensional chondrocyte pellet culturing system to 
produce an artificial growth plate, three different culture media: DMEM; Ham's F12 and 
DME/F12 (in a one to one volume ratio, 1:1)— as well as four fetal bovine serum 
concentrations: 0.01%; 0.1%; 1% and 10% were tested. After culturing for 21 days, the 
chondrocyte pellets grown under different culturing conditions were harvested and 
DMEM containing 10% serum concentration had been chosen for the optimal condition 
based on morphological screening. 
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The morphologies of pellets were similar when culturing in the same serum 
concentration regardless of different culture media used. This leads to a speculation that 
semm concentration is more critical in morphogenesis than culture medium. Previous 
study on chondrocyte pellet culture demonstrated that chondrocyte hypertrophy is 
dependent on the formulation of culture medium in a serum-free condition (Ballock and 
Reddi, 1994). Therefore, the effect of culture medium on morphogenesis in our system 
would be masked by factors in serum. 
When Ballock's group grew chondrocyte pellets in minimal serum concentrations 
of 0.1 or 0.01% for 21 days the chondrocytes became organized in a columnar pattern, 
with the columns of cells radiating outward from the center of the pellet. On the other 
hand, pellet grown in thyroxine in chemically defined media containing growth hormone 
and insulin also revealed the same organization. They therefore suggested that thyroxine 
is the serum factor responsible for the morphogenesis of columnar cartilage (Ballock and 
Reddi，1994). In our system, no columnar architecture is revealed in low serum 
concentrations of 0.1 and 0.01%. The difference may be accounted by the different 
animal models used. Ballock's group released chondrocytes from the resting zone of the 
distal femoral growth cartilage of two-day-old neonatal rats. The chondrocytes from the 
young donors (neonatal) may be more responsive to the hormone for facilitating 
morphogenesis of columnar architecture. Since the chondrocytes of our system is 
released from 6-week-old rabbits, they may not exhibit the same response. 
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Cell hypertrophy, one of the markers of terminal differentiation, was a general 
observation in every tested culturing condition in our study. This observation is in 
agreement with Kato's study on pellet culture, which used New Zealand white rabbits 
.(the same animal in our study) and released cells from the costal growth plate cartilage 
(Kato et aL, 1988). The chondrocytes underwent in v/vo-like changes of growth plate 
chondrocytes and terminally differentiated into hypertrophic cells. Moreover, 
mineralization of extracellular matrix was demonstrated. They suggested that intimate 
interactions between chondrocytes and an extracellular matrix in a pelleted mass in a 
centrifuge tube may stabilize the ability of chondrocytes to induce mineralization of 
extracellular matrix. The cell hypertrophy in our system may also arise from the close 
interaction between the chondrocytes and extracellular matrix. 
In the present study, when culturing in 10% semm concentration, short columns 
of flattened proliferative chondrocytes appeared on the upper portion of pellet after 21 
days of culture. This surface is exposed to culture medium. On top of the proliferative 
chondrocytes were hypertrophic chondrocytes. Unlike Ballock's pellet culture in which 
thyroxine regulates morphogenesis of columnar cartilage (Ballock and Reddi, 1994), high 
nutrient supply may take part in triggering the cellular proliferation and column 
formation in our system. It has been demonstrated that larger uptake of nutrient could 
facilitate cell division, although the factor(s) responsible for the effect are still unknown 
(Alberts et aL, 1989). Since cellular proliferation is critical for longitudinal bone growth 
in vivo, columnar architecture observed in cultured pellet indicated functional feature of 
growth plate. Moreover, this cellular organization was morphologically similar to the 
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growth plate in vivo. Therefore, DMEM containing 10% serum concentration was 




4.2 Characterization of the 3-D Chondrocyte Pellet Culture and Monolayer 
Culture 
The cytodifferentiation of chondrocytes in the normal growth plate can be divided 
into mitotic, matrix-forming, and hypertrophic stages (Iwamoto et al., 1991). A growth 
plate-like tissue had been produced but whether it acquired the growth plate 
characteristics was not known. Therefore, in the second part of this study, the 
development of the optimized 3-D chondrocyte pellet culture was followed and 
characterized according to the features of normal growth plate. It is compared with the 
conventional monolayer culture to determine which system approximates the normal 
growth plate more accurately. 
4.2,1 Development of the 3-D Chondrocyte Pellet Culture 
Two days after initial cell aggregation by centrifugation, the 3-D pellet culture 
attached on the bottom of the culture tube was thin (thickness = 0.36mm; diameter 二 
3nun) and only barely visible. Histological diagram revealed that the small spherical 
chondrocytes (mean cell volume = 905 土 83pjtn3) were closely packed at the bottom of 
the 3-D pellet culture. There was no proteoglycan deposition, indicated by green color 
after Safranin 0 and fast green staining. On the other hand, the spherical chondrocytes 
on the upper portion of the 3-D pellet culture (exposed to culture medium) were 
surrounded by intercellular matrix, which was Safranin 0-stained. It indicated that the 
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chondrocytes on the upper portion began to synthesize and deposit proteoglycanaceous 
matrix and this process might be initiated by the culture medium. 
‘ On day 7，the 3-D pellet culture became thicker (0.42mm) and larger in diameter 
f 
(3.4mm). It usually detached from the bottom of the centrifuge tube. The 3-D pellet 
culture was then curved upwards and the shape was opposite to the original one. This 
might be due to cell enlargement and matrix production on its upper portion described 
below. Those closely packed chondrocytes at the bottom of the 3-D pellet culture also 
began to synthesize and deposit proteoglycanaceous matrix (pale red). The small 
spherical chondrocytes on the upper portion became larger (mean cell volume 二 2421 ± 
156p^m )^ and were active in proteoglycan synthesis, as their surrounding extracellular 
matrix was stained deep red by Safranin 0 . However, they had not terminally 
differentiated hypertrophic chondrocytes because they did not express ALP activities. On 
the uppermost surface, a few layers of medium-size chondrocytes (mean cell volume 二 
1246 土 89fim3) appeared and were surrounded by Safranin 0-stained extracellular matrix. 
Since they contacted with the culture medium, their appearance might be triggered by 
factors in the culture medium. 
There was no significant increase in cell number (shown by total DNA content 
determination) from day 2 to day 7，indicating inactive cell division at this stage. It was 
consistent with low cell division potential (Figure 4.1). The total cell division potential is 
defined by the ratio of thymidine uptake rate over the total DNA content. Since the rate 
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Figure 4.1 Cell division potential of 3-D chondrocyte pellet and monolayer 
cultures at various times of culture. The cell division potential is defined 
by the ratio of thymidine uptake rate over the total DNA content. For 
pellet culture, the cell division potential increased significantly from week 
1 to week 2 (*，p<0.05) and then decreased. The rates was significantly 
lower (*,p<0.05) in week 3. A decreasing trend was observed with longer 
time of culture in monolayer culture but the decrease was statistically 
significantly. 
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of thymidine uptake is the same in every dividing chondrocyte, the rate actually 
corresponds to the cell population engaging in DNA synthesis. Therefore, the index of 
the cell division potential reflects the proportion of chondrocytes in the total population 
f 
that are engaged in cell division. The higher the index, the larger portion ofchondrocytes 
is dividing. 
Analysis of [^]-proline labeled proteins synthesized by the 3-D pellet culture on 
day 7 reveals that this pellet synthesized type II，IX and XI collagens, just like the normal 
V 
cartilaginous growth plate (van der Rest and Mayne, 1987). Type IX collagen interacts 
with fibrils oftype II collagen, which could be involved in organizing or maintaining the 
three-dimensional meshwork of fine collagen fibrils found in cartilage matrices (van der 
Rest and Mayne, 1987; Linsenmayer et aL, 1991). On the other hand, type XI collagen 
might play a key role in establishing both the organization of the collagen fibrils within 
the extracellular matrix and in limiting the diameter of collagen fibrils (Zhidkova et al, 
1995). The synthesis and deposition of these collagens in the 3-D pellet culture suggest 
that its extracellular matrix was well-organized, similar to that of the normal growth 
plate. 
On day 14，the 3-D pellet culture became noticeably thicker (0.53mm) and larger 
in diameter (4mm). The appearance of columns of flattened chondrocytes (mean cell 
volume = 1039 士 394^un3), which replaced the layers of medium-size chondrocytes in the 
upper portion, might be responsible for the increase in thickness. The columnar 
arrangement of chondrocytes remarkably resembles the proliferative zone of normal 
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growth plate. Considering their location on the uppermost surface, the medium-size 
chondrocytes appeared on day 7 might be the ‘mother，cells that gave way to these 
flattened chondrocytes. This speculation needs to be proved. On top of some of the 
proliferative chondrocytes were hypertrophic chondrocytes, characterized by 6.6 times 
increase in mean cell volume and expression of ALP. The cell number had increased 
concurrently from day 7 to day 14 and the total cell division potential at day 14 was 
relatively.high (Figure 4.1). This phenomenon was consistent with the appearance of 
newly formed columns of proliferative chondrocytes. Except a few layers of small 
chondrocytes at the bottom, the whole 3-D pellet culture was rich in proteoglycanaceous 
matrix. Moreover, type II, IX and XI collagens were also synthesized. 
On day 21, the 3-D pellet culture continued to increase in thickness (0.70mm) and 
diameter (4.5mm). The flattened proliferative chondrocytes appeared on day 14 became 
spherical and greatly enlarged (mean cell volume 二 5973 士 220p,m^), forming a 
hypertrophic zone on the upper portion of the pellet. The hypertrophic chondrocytes were 
characterized by their expression of ALP activities and concurrent synthesis of type X 
collagen. Consistent with the lack of dividing chondrocytes, the total cell division 
potential of the 3-D pellet culture was significantly lower than day 14 (Figure 4.1) and a 
plateau in cell number had appeared. Besides, the chondrocytes continued to synthesize 
and deposit cartilage-specific proteoglycan and type II，IX and XI collagens into the 
extracellular matrix. 
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4,2,2 Development of the Chondrocyte Monolayer Culture 
On day 2, most chondrocytes remained spherical in shape. Some cells began to 
4 
spread on the plastic and were polygonal-shaped. 
On day 7, colonies composed of well-spread fibroblast-like chondrocytes 
appeared.. Large round chondrocytes were scattered in the midst of the fibroblast-like 
chondrocytes. Alkaline phosphatase activities were expressed exclusively by the round 
\ 
cells. The formation of such highly-differentiated chondrocytes may be facilitated by the 
abundant cartilaginous matrix in the colonies, as found in the high-density spot culture 
(Kato et al., 1988). On the other hand, the cell number had increased from day 2 and the 
total cell division potential was high (Figure 4.1). This may be due to the high 
proliferative activities of the well-spread fibroblastic-like chondrocytes. According to 
Alberts (1989), cell division is anchorage-dependent. The more the cell spreading on the 
solid surface, the higher is the proliferative activity. This may correspond to the ability 
of taking up larger quantities of nutrients in a well-spread cell. The chondrocytes also 
synthesized and deposited type II，IX and XI collagens in the extracellular matrix on day 
7，revealed by analysis of the newly synthesized [^H]-proline labeled proteins. 
On day 14，fibroblastic-like cells covered the whole culture dish. More colonies 
formed, leading to increase in the number of ALP activity-acquiring round chondrocytes 
— that located in the midst of the colonies. Concurrently, the cell number increased from 
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day 7 to day 14. However, the total cell division potential of the cell population was 
lower. Type II, IX and XI collagens were also synthesized by the chondrocytes. 
/ 
On day 21, most chondrocytes were closely packed and became round in shape, 
forming multilayered colonies. These large patches of colonies were characterized by 
ALP expression. The cell number continued to increase and plateau was not reached yet. 
On the other hand, the total cell division potential of the cell population further 
decreased. The decreasing trend in the cell division potential from day 7 to day 21 may 
be due to the limitation of growth factors, as the population density increases (Alberts et 
al., 1989). The collagen phenotype remained unchanged and the chondrocytes continued 
to synthesize type II, IX and XI collagens. 
4.2.3 Comparing the 3-D Chondrocyte Pellet Culture and Monolayer Culture 
The 3-D chondrocyte pellet culture and monolayer culture are compared 
according to the following parameters: cellular organization; terminal differentiation of 
chondrocytes; cell division potential and production of cartilaginous matrix. Thus, the 
system that approximates the normal growth plate morphologically and physiologically 
can be evaluated. 
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4.2.3.1 Cellular organization 
After 14-day of development, the chondrocytes arranged in columnar pattem in 
r 
the upper portion of the 3-D pellet culture. Hypertrophic chondrocytes which were 
characterized by several-fold increase in cell volume and expression of ALP activities, 
were located on top of the zone of proliferative chondrocytes. This cellular organization 
was reminiscent ofthat in the normal growth plate. After centrifugation, the chondrocytes 
in the 3-D pellet culture were closely packed and maintained spherical in shape. During 
the first 7-day of development, a few chondrocytes engaged in proliferation, indicated by 
low levels of [^]-thymidine into DNA. Rather, the spherical chondrocytes secreted and 
deposited cartilaginous matrix consisting of proteoglycan and type II, IX and XI 
collagens. These findings were consistent with previous experiments exploring the 
relationship between cell shape and phenotypic expression of chondrocytes (Benya and 
Shaffer, 1982; Glowacki et aL, 1983). These researchers showed that chondrocytes held 
in spherical-shaped can maintain the physiological chondrocyte phenotypes; they 
proliferate slowly, incorporate low levels of [^]-thymidine into DNA，incorporate large 
amounts of ^^04 into glycosamingolycans and synthesize type II collagen. Therefore, in 
this study, the chondrocytes in the 3-D pellet culture expressed normal physiological 
phenotypes. 
The cartilaginous matrix secreted and deposited by the chondrocytes in the 3-D 
pellet culture may exert influence on the cellular activities. It has been suggested that 
extracellular matrix may play a role in cartilage morphogenesis (Reddi, 1994a). Chick-
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embryo stemal chondrocytes that have been cultured within the three-dimensional 
collagen gels synthesize type X collagen and form colonies consisting ofalinear array of 
cells reminiscent of the cellular organization in growth cartilage (Gibson et al, 1982). 
Another study on cultured rabbit costal chondrocytes showed that the extracellular 
matrixes stimulate the incorporation of newly synthesized proteoglycans into a 
cartilaginous matrix (Kato and Gospodarowicz, 1985b). Kato, who also studied pellet 
culture using rabbit chondrocytes, suggested that the intimate interactions between 
chondrocytes and an extracellular matrix in a pelleted mass in a centrifuge tube may 
stabilize the ability of chondrocytes to induce mineralization (Kato et al., 1988). In that 
sense, the cell-matrix interaction in the 3-D pellet culture may affect the cellular activities 
of chondrocytes and result in morphogenesis of columnar cartilage and terminal 
differentiation of chondrocytes resembling the cellular organization ofthe normal growth 
plate. 
In contrast, there was no growth plate-like cellular organization in the monolayer 
culture. After 14-day of development, the highly-differentiated chondrocytes, 
characterized by expression of ALP, scattered throughout the culture and no zoning of 
chondrocytes could be detected. During the development, chondrocytes plated on the 
plastic culture-ware in the monolayer culture no longer remained spherical-shaped. 
Instead, they showed fibroblastoid morphology and exhibited cell division, leading to 
formation of colonies of chondrocytes. Such observation is in agreement with findings 
showing that chondrocytes in fibroblastold morphology incorporate higher levels of fH]-
thymidine into DNA than spherical-shaped chondrocytes (Glowacki et aL, 1983). 
81 
. • • -
Moreover, it has been shown that chondrocytes within the colonies display heterogeneity 
of cell shape, rate ofproliferation, and production of metachromatic matrix (Glowacki et 
al., 1983). • 
4.2.3.2 Terminal differentiation of chondrocytes 
Type X collagen was synthesized by chondrocytes of the 3-D pellet culture on 
day 21 of development. It occurred concurrently with the attainment of hypertrophic 
zone in the upper portion ofthe pellet. Type X collagen was also synthesized by explants 
of the rabbit costal growth plates. However, the amount was less than that of the 3-D 
pellet culture. This may be due to technical difficulties in precisely dissecting 
hypertrophic zone from the growth plate, as previously encountered by other researchers 
(Gibson and Flint, 1985). Although hypertrophic chondrocytes were found in 3-D pellet 
culture on day 14 of development, the cell population was small and they may not 
synthesize enough amount of type X collagen to be detected. This observation is 
consistent with the previous findings showing that type X collagen synthesis precedes the 
onset ofhypertrophy (Linsenmayer et al., 1991). 
Moreover, alkaline phosphatase activities were localized on the hypertrophic 
chondrocytes on the upper portion of the 3-D pellet culture on day 14 and day 21 of 
development. The association of alkaline phosphatase activity and type X collagen 
synthesis in the 3-D pellet culture agrees with the previous findings demonstrating that 
these two cellular activities are coordinately regulated in the cultured chick embryo 
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chondrocytes (Habuchi et al., 1985). It was suggested that this association may operate 
in the mineralization process of the growth plate cartilage (Habuchi et al, 1985). 
f 
On the other hand, although ALP activities were located, type X collagen could 
not be detected on day 21 of development of monolayer culture. The chondrocytes in the 
monolayer culture may have different mechanism in ALP expression other than that of 
the 3-D pellet culture. It also agrees with the fact that chondrocytes from the earlier 
stages of differentiation develop a capacity for synthesis of type X collagen only when 
I 
they are subcultured (Schmid & Conrad, 1982). Since primary culture was performed in 
this study, the chondrocytes in the monolayer culture did not synthesize type X collagen. 
Synthesis of type X collagen and expression of alkaline phosphatase activity， 
together with the increase in cell volume (6.6 times larger than the resting chondrocytes) 
indicate that terminal differentiation of chondrocytes into hypertrophic cells occurs and 
confines in the hypertrophic zone of the 3-D pellet culture reminiscent of the normal 
growth cartilage. Terminal differentiation of chondrocytes into hypertrophic cells is an 
obligatory step in the endochondral ossification pathway that occurs during embryonic 
bone development, longitudinal bone growth, and fracture healing (Ballock and Reddi, 
1994). Therefore, terminal differentiation of chondrocytes is an important feature in the 
3-D pellet culture that approximates the growth plate chondrocytes. 
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4.3.2.2 Cell division potential 
, T h e 3-D pellet culture and monolayer culture displayed two different growth 
f 
patterns. In the beginning, the 3-D pellet culture exhibited a lag phrase of 7-day with no 
significant change in cell number. The spherical chondrocytes incorporated low level of 
thymidine but began to secrete extracellular matrix. In contrast, the fibroblastic-like 
chondrocytes underwent cell division from day 2 and synthesized DNA in a higher rate. 
These observations agree with the theory that cell shape plays an important role in 
k 
phenotypic expression in chondrocytes (Glowacki et aL, 1983). 
Comparing day 7 with day 14, the average growth rate of monolayer culture was 
3.7 times higher than that ofthe 3-D pellet culture. This is consistent with the larger final 
to initial ratio (4 times more than the 3-D pellet culture). This may be due to larger 
population participating in cell division in the monolayer culture. In the 3-D pellet 
culture, cell division may be restricted to chondrocytes in the columns. 
The increase in cell number of 3-D pellet culture finally came to a plateau at day 
14, consistent with the histological finding showing the appearance of hypertrophic zone 
that replaced the columnar architecture. In contrast, the cell number of the monolayer 
culture continued to increase even after confluence. Multilayered colonies were formed 
by the chondrocytes. 
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4,3,2.4 Production of cartilaginous matrix 
The collagen typing of the 3-D pellet culture was similar to that of the intact 
growth cartilage, showing cartilage-specific collagen types of II, IX and XI. Type X 
collagen was synthesized on day 21 of development when hypertrophic chondrocytes 
were dominant in the pellet. Moreover, its chondrocytes were embedded in the lacunae of 
the extraeellular matrix. Together with the. secretion of proteoglycan, the extracellular 
matrix of the 3-D pellet culture was confirmed to be well organized, reminiscent of the 
normal growth plate. 
Chondrocytes in the monolayer culture synthesized type II, IX and XI collagens. 
However, they did not synthesize type X collagen. Due to lack of lacunae, cell surface 
was exposed to the foreign environment. Therefore, the organization of extracellular 
matrix in monolayer culture should be different from that of the normal growth plate. 
Chondrocytes in the 3-D pellet culture express more normal growth plate 
phenotypes than the monolayer culture, i.e. they synthesize and deposit cartilaginous 
matrix, locate inside the lacunae of extracellular matrix, arrange in columnar pattem, 
exhibit cell division, and terminally differentiate into hypertrophic chondrocytes. 
Therefore, 3-D pellet culture approximates the normal growth plate more accurately than 
the monolayer culture. 
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4.3 Resumption of Physeal Characteristics by Artificial Growth Plate In Vivo 
. T h e 3-D chondrocyte pellet culture was regarded as artificial growth plate after 
f 
implantation into the growth plate defect site and its in vivo development was followed at 
week 1, 3，5 and 7 post-operation. The artificial growth plate had resumed physeal 
characteristics in vivo. The factors that may play important roles in this process are also 
discussed- in detail below. 
\ 
4.3.1 Three Stages ofIn Vivo Development of the Artificial Growth Plate 
The 3-D chondrocyte pellet culture on 14-day of development was used for 
implantation. At this stage, the chondrocytes arranged in columnar pattem and terminally 
differentiated into hypertrophic chondrocytes. Moreover, it acquired high cell division 
potential. After implantation into the growth plate defect site, the artificial growth plate 
had undergone three developmental stages in vivo, namely, incorporation, growth and 
resumption of endochondral ossification. 
4.3.1.1 Incorporation of artificial growth plate with host tissues 
One week after implantation, the artificial growth plate was surrounded by the 
host connective tissues. Columns of proliferative chondrocytes were maintained in the 
artificial growth plate and further cell division was noticed. The transition between the 
whole surface of artificial growth plate and host tissue was so smooth that they were 
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indistinguishable from each other. Cartilage matrix was observed around the nearby host 
mesenchymal stem cells, which might be secreted by them. The mesenchymal stem cells 
might undergo a conversion into chondrocytes, influenced by the extracellular matrix of 
y 
the artificial growth plate. It is in agreement with previous experiments suggesting that 
components in the extracellular matrix can dramatically influence connective-tissue cell 
differentiation (Alberts et aL, 1989). According to Harris (1965)，epiphyseal transplants 
must survive an avascular stage before successful incorporation occurs and true 
longitudinal growth can resume. During this stage, which lasts from seven to ten days, 
the epiphyseal transplant is nourished by tissue fluid alone. The facts that cell division 
occurred in the artificial growth plate and its incorporation with the host tissue provide 
evidence that the artificial growth plate could pass through the avascular stage and be 
‘accepted, by the host and from which received a good supply of nutrient. Moreover, it 
had escaped from the immune response ofthe host. 
4.3.1.2 Growth of the artificial growth plate in vivo 
At week 3, the artificial growth plate greatly increased in size. The proliferative 
zone was four times thicker than that atweek 1, demonstrating great cellular proliferation 
activity of the artificial growth plate. The chondrocytes organized in columnar pattem 
that remarkably resembled the normal growth plate. This pattem of differentiation may 
depend on the local cues available such as specific bioactive factors and nutrients in the 
immediate microenvironment (Bruder, et al., 1994) of the host. Growth factors and 
hormones such as FGFs, TGF-p, parathyroid hormone and parathyroid hormone-related 
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peptide have been reported to exhibit broad ranges of cellular activities including control 
of the proliferation and expression of the differentiated phenotype of chondrocytes (Joyce 
et al, 1990; Jingushi et aL, 1995; Iwamoto et al., 1996; Vortkamp et al., 1996; Wallis, 
1996). Our results indicate the artificial growth plate survived, grew and received 
metabolic support from host. 
4.3.12 Resumption of endochondral ossification in the artificial growth plate 
At week 5, the artificial growth plate still exhibited columnar pattem. Moreover, 
the matrix was resorbed by vascular element and extensive bone matrix had been laid 
down by the osteoblasts. Endochondral ossification was resumed in the artificial growth 
plate. At week 3, the endochondral bone formation might be temporary interrupted due to 
the absence of vascular invasion (Harris et aL, 1965). According to Bruder (1994), 
vasculature is obligatory for osteogenic differentiation, and such differentiation is an 
oriented process resulting in predictable areas of bone matrix synthesis. Vascular 
elements contribute to regulation of oxygen tension, nutrient accessibility, and may 
produce powerful cytokines that affect the osteoblastic cells directly (Bruder et al., 1994; 
Triffitt, 1994). 
At week 7，the chondrocytes in the artificial growth plate were still viable and 
physiologically active, demonstrated by incorporation of radioactive sulfate. Moreover, 
the endochondral bone formation still occurred. There was no sign of rejection up to 7 
weeks. Cartilage has been termed a ‘privileged’ tissue because its cellular elements are 
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trapped inside the extracellular matrix and so do not expose to the immure system 
(Friedlaender, 1979). As long as the chondrocytes were within an intact matrix, the 
artificial growth plate could escape from the immune response of the host. 
43,2 Significance of Development of the 3-D Pellet Culture on Its In Vivo 
Development 
The development of the 3-D pellet culture may play an important role in its 
resumption of physeal characteristics in vivo after implantation and the reasons are 
discussed below. 
4.3.2.1 3-D pellet culture processes similar extracellular matrix with host 
During the development, chondrocytes in the 3-D pellet culture secreted and 
deposited cartilage-specific proteoglycan and collagen types, which might form a well-
organized three-dimensional meshwork of extracellular matrix. Embedded inside the 
lacunae, the antigens on the cell surface would not expose to the immune response of the 
host, thus preventing rejection when implantation takes place (Heyner, 1969; 
Friedlaender, 1979). 
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4.3),2.2 3-D pellet culture acquires growth plate-like cellular organization and 
differentiation pattern 
In contrast with the normal growth plate, the columnar pattem development ofthe 
artificial growth plate was directed towards the epiphyseal side of the tibia in vivo. 
Chondrocytes arranged in columnar pattem, proliferated and terminally differentiated 
into hypertrophic chondrocytes in the 3-D pellet culture. The upper surface of the 3-D 
pellet culture where cell division was directed and hypertrophic chondrocytes were 
located, was oriented to the epiphyseal side of the host when it was implanted inside the 
growth plate defect site. The results indicate that the cellular organization and 
differentiation pattem of the 3-D pellet culture was further manifested in the host 
microenvironment, leading to farther cell division, terminal differentiation and finally 
endochondral ossification in vivo. 
4.33 Effect of Host Microenvironment on Artificial Growth Plate Development 
Besides the development of 3-D pellet culture, the host microenvironment may be 
critical for the artificial growth plate development in vivo. Evidences are described 
below. 
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4.3.3.1 Orientation of artificial growth plate implants 
When the artificial growth plate was implanted in opposite orientation (upside 
down), pattem of differentiation was altered. Columnar architecture was no longer 
observed. Cell hypertrophy took place and there was no resumption of endochondral 
ossification. After further examination of histological sections, it is suggested that the 
difference may be due to a layer ofbone matrix deposited on the metaphyseal side ofthe 
artificial growth plate at week 1 after implantation. The hypertrophic zone ofthe artificial 
k 
growth plate was facing the metaphyseal side. The matrix of this hypertrophic zone might 
be calcified which provided the scaffold for the deposition of new bone matrix by 
invading osteoblasts via the vascular and marrow elements from the metaphysis of the 
host. The bone matrix may become nutrient or diffusion barrier (Harris et al., 1965). 
Therefore, nutrient supply from host is important for the artificial growth plate 
development. 
Some failures of artificial growth plate implant with vertical positioning in the 
growth plate defect site lost fit in their beds and no endochondral ossification-like 
development occurred (data not shown). It may be due to lack of vascularization and so 
inadequate nutrient supply to the implant (Harris et aL, 1965). Revascularization of graft 
by union with host bone is important for physeal transplantation (Harris et al., 1965). In 
that sense, vasculature is important for in vivo development of artificial growth plate. 
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4.3.3.2 Evidence from development of 3-D pellet culture in longer period of culture 
. T h e importance of host environment is also shown by the development of 
< 
artificial growth plate maintained for another 7 weeks in the tissue-culturing 
environment. The appearance of columns in the artificial growth plate could not be 
maintained. Culturing for additional 3 weeks, hypertrophic chondrocytes were dominant 
and the endochondral ossification-like development did not occur. This may indicate that 
another factors and/or host vasculature in the in vivo microenvironment are critical for 
further development of the artificial growth plate. 
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4.4 Comparison with other Growth Plate Reconstruction Models 
Transplantation for reconstruction of some or all cell populations of growth plate 
/ 
has been studied in many ways, among them are implantation of biologic or inert fillers, 
transplantation of physis, cartilage allografts and high-density chondrocyte culture. The 
advantages and disadvantages of these models will be discussed and compared with the 
artificial growth plate of 3-D pellet culture established in this study. 
4.4.1 Implantation of Biologic or Inert Fillers 
Biologic or inert fillers such as autologous fat, silicone and methylmethacrylate 
have been used in treatment of partial epiphyseal growth arrest due to trauma or infection 
(Lee et aL, 1993; Wirth et aL, 1994). The beneficial effect of these procedures was the 
prevention of the reformation of the bony bridge, but no convincing reformation or repair 
of growth plate cartilage has been demonstrated. Basically, these type of implants lack 
growth potential oftheir own (Kawabe et al., 1987). 
Artificial growth plate synthesized by 3-D pellet culture not only prevents bony 
bridge reformation, but also acquires cell division potential, demonstrated by increase of 
size by cellular proliferation in the columnar architecture. 
93 
4,4,2 Physeal Transplantation 
Transplantation of epiphysis was firstly performed by Harris et al. (1965) in a 
f 
rabbit model. These investigators were able to achieve some success by transplanting the 
physis separated from the secondary center of ossification and metaphysis. The physis so 
isolated apparently survived by diffusion until vascularization from the host environment 
occurred. With the advent of microvascular technology, free vascularised epiphyseal 
transplants could be performed in animal studies (Bowen et al., 1984; Boyer et al., 1995) 
and also human (Takato et al., 1993). The results showed normal longitudinal growth and 
much less angulation. However, complication of operation procedures, donor availability 
and risks of non-specific systemic immuno-suppression constitute problems opposing 
clinicai application (Mohtai et aL, 1992; Boyer et aL, 1995). 
Implantation of artificial growth plate omits these problems. The operation is 
relatively simple. The difficulty of finding an immature epiphyseal plate of appropriate 
size that can be sacrificed in one part of the body for the sake ofpreventing deformity in 
another (Harris et al., 1965) will not be encountered. In our model, resting chondrocytes 
are released from costal cartilage to perform chondrocyte pellet culture and then 
implanted into the growth plate defect site. In addition, rejection ofimplanted tissue has 
not occurred in our study. However, the abilities ofthe artificial growth plate implant to 
contribute longitudinal bone growth and replace the whole physis requires further 
investigation and the mechanism of differentiation has not yet been fully understood and 
controlled. 
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4.4J Transplantation of Cartilage Allografts 
,Cartilaginous apophysis (Lalanandham et al., 1990) and distal femoral 
• 
chondroepiphyis (Barr and Zaleske, 1992) transplanted to New Zealand white rabbit and 
C57B mice respectively were two examples of cartilage allograft for growth plate 
reconstruction. Incorporation of radioactive sulfate demonstrated active proteoglycan 
metabolism was maintained by these allografts in the host environment. It indicates that 
the cartilage grafts could receive metabolic support from host vasculature. Cell division 
took place within the allograft, as shown by thymidine autoradiography. However, the 
uptake of tritiated thymidine did not appear qualitatively identical to that of the 
unoperated control, resulting in shortening oflimbs. Histological diagrams revealed both 
cartilage allografts did not incorporate well with the host tissue. That might lead to 
inadequate nutrient supply from host and thus diminish the tritiated thymidine 
incorporation. 
The ability of the artificial growth plate in our study to receive metabolic support 
from the host vasculature and to continue metabolic activity was also demonstrated by 
the radiosulfate autoradiography. Moreover, the incorporation of artificial growth plate 
into host tissues was shown histologically. Although thymidine autoradiography have 
not been performed in the present study the growth potential of the artificial growth plate 
was noticeable and discussed above. 
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4,4,4 Transplantation of High-density Chondrocyte Culture 
Another approach was transplantation of chondrocytes grown in high-density 
cultures (Kawabe et al., 1987). The cell source was the growth plate cartilage from 
shoulder, iliac crest, and knees. The allograft survived, produced matrix and became 
incorporated into subchondral bone. According to the authors, the loose structure of 
matrix of the allograft might permit diffusion of tissue fluid, so that the graft could 
survive the avascular stage before incorporation into subchondral bone took place. On 
the other hand, the cells in the allograft were not immunologically rejected. The authors 
suggested the key to immunologic survival appeared to be the proteoglycanaceous matrix 
of the allograft, which presumably protected the chondrocytes. While the authors 
claimed the allograft became arranged into a growth plate and endochondral ossification 
occurred at the base of the graft, they were not well demonstrated in the histological 
diagrams. The allograft permitted growth to resume in the rest of the growth plate, but 
the authors also noticed the actual growth might have been originated from the residual 
remaining cells ofthe hemiplate. Only one of the four cases showed live cells at week 9 
while in other cases they were replaced by bone, causing shortening and deformity of 
limbs. Since the cell source used in this study was growth plate cartilage, the growth 
potential of the donor site will be sacrificed. The potential clinical application of such 
model is questionable. 
The beneficial effect of proteoglycanaceous matrix was also shared by the 
artificial growth plate in this study, thus allowed survival from the avascular stage and 
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the immunologic attack. Furthermore, histological examination revealed that the 
artificial growth plate had resumed endochondral ossification in vivo, as shown in the 
section ofResults. This process was persisted up to the longest study period of 7 weeks. 
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CHAPTER FIVE - SUMMARY AND CONCLUSION 
In the present study, an artificial growth plate has been synthesized using 3-D 
chondrocyte pellet culture. The cell source is taken from the resting zone of costal 
cartilage from 6-week old New Zealand white rabbits. Different culture media and serum 
concentrations were tested to optimize the culturing condition. The optimal condition is 
DMEM containing 10% serum concentration. Chondrocyte pellet grown in this optimal 
condition acquires columnar architecture reminiscent the cellular organization of the 
normal growth plate. The artificial growth plate is further characterized and compared 
with conventional monolayer culture. 
Table 4.1 and 4.2 summarize the development of the 3-D pellet culture and 
monolayer culture respectively. Their development characteristics are quite different, 
which might be explained by cell shape and cell-matrix interaction. Chondrocytes in the 
3-D pellet culture display features of normal growth plate, much better than monolayer 
culture; i.e. they synthesize and deposit cartilaginous matrix, locate inside the lacunae of 
extracellular matrix, arrange in columnar pattem, exhibit cell division and terminally 
differentiate into hypertrophic chondrocytes 
The artificial growth plate is implanted into a growth plate defect site and 
resumed physeal characteristics in vivo, which depends on both the in vitro development 
and host microenvironment. In the culture environment, endochondral ossification 
pathway is triggered in the chondrocytes. Characteristics of in vivo changes of growth 
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plate chondrocytes such as columnar pattem formation and terminal differentiation are 
exhibited in vitro. However, they can only be maintained for at most 21 days in vitro. In 
vivo microenvironment is obligatory for maintenance and further manifestation of cellular 
organization and differentiation of the artificial growth plate. The responsible factor(s) 
is/are very localized, as change in orientation of the artificial growth plate results in loss 
of physeal characteristics. Nutrient supply and vasculature from host should play 
important roles in bone matrix formation. Mesenchymal stem cells should constitute 
another factor responsible for this process. The mesenchymal stem cells are brought to 
the resorbed site of the hypertrophic cartilage, where they differentiate along the 
osteogenic lineage to produce bone matrix (Bruder et al., 1994). 
When compared with other growth plate reconstruction models, artificial growth 
plate developed in this study not only prevents bony reformation, but also resumes 
endochondral ossification in vivo. It avoids the donor problems of physeal transplantation 
and incorporates better than other cartilage allografts. However, its ability of contributing 
longitudinal bone growth needs further investigation. 
The present study shows that the artificial growth plate processes potential for 
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Table 5.1 Summary of development of the 3-D chondrocyte pellet culture. 
(-:has not tested) 
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Collagen Typing 
Table 5.2 Summary of development of the chondrocyte monolayer culture. 
(-:has not tested) 
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CHAPTER SIX - FURTHER STUDIES 
Recovery of physeal morphology and flinction by the artificial growth plate 
f 
established in this study has been demonstrated histologically. However, how long this 
new growth plate will continue to function and how much growth actually can take place 
as a result ofthe implantation have not been evaluated. Therefore, long-term follow-up at 
three, six or twelve months should be carried out. Besides, radiological measurements 
should be performed to measure the bone elongation that develops from the implanted 3-
D chondrocyte pellet culture. 
The results obtained in this study are consistent and reproducible, for example, the 
resumption of endochondral ossification in the artificial growth plate can be observed in 
all of the week 7 specimen (n 二 5). However, a study with more animals should be 
conducted for more accurate assessment of the results. Ten animals per group should be 
sufficient according to the previous studies in this field. 
Further studies will be necessary to determine if whole plate can be replaced, thus 
proving the growth potential of the artificial growth plate. Moreover, this 3-D 
chondrocyte pellet culture technique can also be tested in distracting bone during 
callotasis to study its development and to determine if it contributes to the bone 
lengthening process. 
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The artificial growth plate has undergone three stages of in vivo development. It 
firstly incorporates into the host tissues, then exhibits growth potential and finally 
resumes endochondral ossification. It provides an excellent model for studying the 
f 
process of endochondral ossification. For example, the effect of growth factors on the 
morphogenesis ofcolumnar architecture in vivo can be investigated by performing in situ 
hybridization and immunohistochemistry on the histological sections. 
As mentioned in our discussion, the endochondral ossification pathway » 
undergoing by 3-D chondrocyte pellet culture would have been triggered in the culture 
environment. The responsible factor(s) is/ are still unknown. To deal with this question, 
tissue from different developmental stages can be harvested to perform mRNA 
differential display，which aim at sorting out genes that are differentially expressed and 
may regulate the process. 
The clinical application of the present model is considerable. The cell source for 
artificial growth plate is the resting zone of costal cartilage. Although it can be 
harvested, considerably harm would be generated, especially in childen. Since 
manipulation of autologous marrow-derived mesenchymal stem cells would provide an 
effective approach to achieve osseous repair in clinically challenging scenarios (Bruder et 
al., 1994； Reddi, 1994b; 1995), the prospect of mesenchymal stem cells for synthesizing 
artificial growth plate should be investigated. 
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